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p u re  m e ta l  end o f  th e  p h a s e  d ia g ra m  to  th e  e u t e c t i c .  F o r  
m o st a l l o y  sy s te m s  g r e a t e r  s e c o n d a ry  s u p e r c o o l in g  o c c u r s  
f o r  a l l o y s  on th e  s id e  o f  th e  e u t e c t i c  w hich  h a s  th e  s t e e p e r  
l i q u i d u s .  C r i t e r i a  a r e  f o rm u la te d  f o r  p r im a ry  and  s e c o n d a ry  
s u p e r c o o l in g  w h ich  ta k e  a c c o u n t  o f  b o th  n u c l é a t i o n  and 
c r y s t a l  g ro w th . I t  i s  shown t h a t  th e  g e n e r a l  i n c r e a s e  in  
p r im a ry  s u p e r c o o l in g  a s  th e  a l l o y  c o m p o s it io n  a p p ro a c h e s  
e u t e c t i c  i s  a  c r y s t a l  g ro w th  e f f e c t .  F o r  some a l l o y  sy s te m s 
th e  s u p e rc G o lin g -c o m p o s it io n  c u rv e  i n i t i a l l y  d e c r e a s e s  ( in  
th e  lev / c o n c e n t r a t i o n  r e g io n )  and th e n  r e v e r s e s  t o  in c r e a s e
I I '
a s  t h e  e u t e c t i c  i s  a p p ro a c h e d . T h is  phenom enon i s  r e l a t e d  
to  an  in c r e a s e  in  th e  num ber o f  p r e f e r r e d  n u c l é a t i o n  s i t e s  
t h a t  a r e  a c t i v a t e d ,  r e s u l t i n g  from  a  c o r r e s p o n d in g  in c r e a s e
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I  INTRODUCTION
T here  h a s  been  l a t e l y  an i n c r e a s in g  i n t e r e s t  shown 
in  th e  s u p e rc o o l in g  b e h a v io u r  o f  a l l o y s ,  b o th  in  r e l a t i o n  
tb  p r o d u c t io n  o f  i n g o t s  and c a s t i n g s  and u n ifo rm  c r y s t a l s  
o f  s i n g l e  p h a se  o r  e u t e c t i c  a l l o y s .  G e n e ra l ly  a  f i n e  g r a i n  
s i z e  i s  d e s i r e d  i n  c a s t i n g s  b e c a u se  o f  th e  im proved m e c h a n ic a l 
p r o p e r t i e s  com pared to  c o a r s e - g r a in e d  s t r u c t u r e s .  M oreover, 
g r a i n  r e f in e m e n t  p ro d u c e s  a  c o r r e s p o n d in g  r e f in e m e n t  i n  s i z e  
and d i s t r i b u t i o n  o f  th e  c a v i t i e s  o r  p o r e s  t h a t  u s u a l ly  
acco m p an ies  s o l i d i f i c a t i o n ,  and th u s  th e  d e l e t e r i o u s  m e c h a n ic a l 
e f f e c t s  r e s u l t i n g  from  p o r o s i t y  a re  m i t i g a t e d  in  f i n e - g r a i n e d  
c a s t i n g s .  G ra in  r e f in e m e n t  r e q u i r e s  h ig h  n u c le a t io r i  r a t e s  
d u r in g  s o l i d i f i c a t i o n  and  th e  l a t t e r  i s  d e te rm in e d  in  p a r t  
by th e  e x te n t  to  w hich  th e  m e l t  may be s u p e rc o o le d . On th e  
o t h e r  h an d , i n  th e  g ro w th  o f  s in g l e  c r y s t a l s  o f  s i n g l e  p h a se  
o r  two p h a se  ( e u t e c t i c )  s t r u c t u r e s ,  s t a b i l i t y  a t  t h e - s o l i d -  
l i q u i d  i n t e r f a c e  i s  a  c r i t i c a l  f a c t o r  f o r  c o n t r o l  o f ' s t r u c t u r e  
and u n i f o r m i ty ,  and s t a b i l i t y  o f  a. q u a s i - s t e a d y  s t a t e  p r o c e s s  
su ch  a s  s o l i d i f i c a t i o n  d e c r e a s e s  a s  th e  d e g re e  o f  s u p e r c o o l in g  
in  th e  l i q u i d  i n c r e a s e s .  The above ex am p les  a re  b u t  two o f  
many i n d u s t r i a l  p r o c e s s e s  in v o lv in g  s o l i d i f i c a t i o n  i n  w hich  
s u p e r c o o l in g  and n u c lé a t i o n  b e h a v io u r  o f  th e  m e ta l o r  a l l o y  
a r e  im p o r ta n t  f a c t o r s  in  d e te rm in in g  p r o d u c t  q u a l i t y .
- 1-
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The s u p e rc o o l in g  b e h a v io u r  o f  m e ta ls  and  a l l o y s  h a s  
b e e n  s t u d i e d  f o r  b o th  s m a ll  d r o p l e t s  ( to  d e c r e a s e  th e  
p r o b a b i l i t y  f o r  " h e te ro g e n e o u s "  n u c l é a t i o n  o c c u r in g  w hich  
i s  a c t i v a t e d  by  th e  c o n t a i n e r  s u b s t r a t e  o r  in s o lu b le  
i m p u r i t i e s )  and  a l s o  i n  b u lk  sa m p le s . The l i t e r a t u r e  on 
s u p e r c o o l in g  i n v e s t i g a t i o n s  f o r  b u lk  sam p le s  g e n e r a l l y  
ig n o r e s  t h e  e f f e c t  o f  c r y s t a l  g ro w th  in  d e te rm in in g  th e  
s u p e r c o o l in g  te m p e r a tu r e ,  and  assum es t h a t  th e  o b se rv e d  
" s u p e r c o o l in g " ,  a s  d e te rm in e d  from  c o o l in g  c u rv e s ,  i s  th e  
a c t u a l  te m p e ra tu re  a t  w h ich  n u c l é a t i o n  i s  i n i t i a t e d .  In  
t h i s  i n v e s t i g a t i o n ,  s u p e r c o o l in g  s t u d i e s  f o r  b u lk  sa m p le s  o f  
h y p o e u te c t ic  and  h y p e r e u t e c t i c  a l l o y s  w ere u n d e r ta k e n  f o r  
f i v e  e u t e c t i c  b in a r y  a l l o y  s y s te m s :  P b -S b , P b -S n , A l-S n , 
S n -B i and Ag-Cu. A g e n e r a l  c r i t e r i o n  h a s  b een  fo rm u la te d  
f o r  p r im a ry  and s e c o n d a ry  s u p e r c o o l in g  in  b in a r y  a l l o y s  
w h ich  t a k e s  a c c o u n t o f  th e  c r y s t a l  g ro w th  r a t e  a s  w e l l  a s  
n u c l é a t i o n .  The th e o r y  show s good q u a l i t a t i v e  a g re em e n t 
w ith  e x p e r im e n t .
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I I  LITERATURE REVIEW
A. NUCLEATION IN PURE METALS
(1 )  Homogeneous N u c lé a t io n  T h e o r ie s
The d e v e lo p m e n t o f  n u c l é a t i o n  t h e o r i e s  f o r  c o n d en se d  
s y s te m s  i s  due l a r g e l y  to  T u rn b u ll  and P i s h e r ^ l )  who m o d if ie d  
th e  c l a s s i c a l  t h e o r y  f o r  n u c l é a t i o n  from  th e  v a p o u r  p h a se  
a s  f i r s t  d e v e lo p e d  b y  V olm er and W eber^^ ), B eck er and  
D o r in g (3 )  ( f r e q u e n t l y  r e f e r r e d  to  a s  th e  V.W .B.D. t h e o r y ) .  
B r i e f l y ,  t h e  n u c l é a t i o n  m echanism  may be  d e s c r ib e d  a s  
f o l l o w s :  At any  te m p e r a tu r e  b e lo w  e q u i l ib r iu m  m e l t in g  p o i n t
(T]vi) o f  a  m e ta l ,  th e  G ibbs f r e e  e n e rg y  o f  th e  s o l i d  i s  l e s s  
th a n  t h a t  o f  th e  l i q u i d ,  and  th e  G ibbs f r e e  e n e rg y  d e c r e a s e  
p r o v id e s  th e  d r i v i n g  f o r c e  f o r  sp o n ta n e o u s  n u c l é a t i o n  and 
t r a n s f o r m a t io n  o f  th e  s u p e rc o o le d  l i q u i d  to  th e  s o l i d  s t a t e .  
The g r e a t e r  th e  s u p e r c o o l in g  th e  g r e a t e r  w i l l  be th e  G ibbs 
f r e e  e n e rg y  d e c r e a s e  f o r  th e  n u c l é a t i o n  p r o c e s s .  T h is  i s  
shown i n  F ig .  1 w h ich  i s  a  s c h e m a tic  r e p r e s e n t a t i o n  o f  th e  
G ibbs p o t e n t i a l s  f o r  t h e  s o l i d  and l i q u i d  p h a s e s  v e r s u s  
t e m p e r a tu r e .  The d e c r e a s e  i n  f r e e  e n e rg y  (G^ -G2 ) a t  T^ 
i s  l a r g e r  th a n  (G3 -G4 ) a t  Tg, w here T^ < T2 .
The f i r s t  s t a g e  in  th e  ( l i q u i d - s o l i d )  t r a n s f o r m a t io n  
p r o c e s s  i s  th e  ch an c e  d e v e lo p m e n t o f  m e ta s ta b le  em bryos 
( p o t e n t i a l  n u c l e i  o f  s u b - c r i t i c a l  s i z e )  o f  th e  s o l i d  p h a se
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F ig .  1 . S ch em atic  r e p r e s e n t a t i o n  o f  th e  G ibbs 
p o t e n t i a l s  f o r  t h e  s o l i d  and  l i q u i d  
p h a s e s  o f  a  p u re  m e ta l a s  a  f u n c t io n  
o f  t e m p e r a tu r e .
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i n  th e  s u p e rc o o le d  l i q u i d ,  w hich i s  assum ed to  be a  th e r m a l ly  
a c t i v a t e d  p r o c e s s .  When s e v e r a l  a tom s i n  th e  l i q u i d  c l u s t e r  
to  form  th e  f i r s t  m e ta s ta b le  embryo o r  c r y s t a l l i t e ,  t h e r e  
i s  a  c o r r e s p o n d in g  ch an g e  in  th e  t o t a l  G ibbs p o t e n t i a l  (AG) 
f o r  th e  sy s te m  w hich  a r i s e s  from  * (1 ) th e  p h a se  t r a n s f o r m a t io n ,  
f o r  w h ich  th e r e  i s  a  n e g a t iv e  volum e f r e e  e n e rg y  c h a n g e , A Gy, 
and (2 )  t h e  c r e a t i o n  o f  an  i n t e r f a c e  f o r  w h ich  th e r e  i s  a  
p o s i t i v e  s u r f a c e  f r e e  e n e rg y  c h a n g e , AGg. Thus
AG = AGy + AGg . (1 )
F o r  s o l i d i f i c a t i o n  o f  a  s u p e rc o o le d  l i q u i d ,  p ro v id e d  th e  
s u p e r c o o l in g  i s  n o t  to o  l a r g e ,
AGy = (AS) (AT), (2 )
w here A s i s  th e  e n tro p y  change p e r - u n i t  volum e f o r  th e  
s o l i d i f i c a t i o n  p r o c e s s  and AT i s  t h e  s u p e rc o o l in g .  T hus, 
f o r  a  s p h e r i c a l  embryo o f  r a d iu s  r ,  e q . (1 )  may be a p p ro x im a te d  
by
AG = (AS) (AT) +411^2 ^ sL »  <3)
w here i s  th e  s p e c i f i c  f r e e  e n e rg y  o f  th e  s o l i d - l i q u i d
i n t e r f a c e .  B ecause o f  th e  r3  dep en d en ce  o f  th e  n e g a t iv e  
volum e f r e e  e n e rg y  change  and th e  r ^  dep en d en ce  o f  th e  
p o s i t i v e  s u r f a c e  f r e e  e n e rg y  c h a n g e , th e  f r e e  e n e rg y  change 
f o r  n u c l é a t i o n  i n c r e a s e s  w ith  r  u n t i l  th e  r a d i u s  o f  th e
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embryo r e a c h e s  th e  c r i t i c a l  v a lu e  r * ,  w hereupon AG
d e c r e a s e s  w ith  i n c r e a s in g  r  ( c ,£ F ig .  2 ) .  Thus o n ly  a f t e r  
«
th e  em bryos have a t t a i n e d  a  r a d i u s  r *  o r  g r e a t e r  w i l l  th e y  
become s t a b l e  and grow s p o n ta n e o u s ly .  S ta b le  em bryos 
( i . e .  r  > r * )  a re  g e n e r a l l y  r e f e r r e d  to  a s  n u c l e i .  The 
c r i t i c a l  embryo s i z e  r e q u i r e d  f o r  sp o n ta n e o u s  n u c lé a t io n  
i s  o b ta in e d  by  m ax im iz in g  e q . (3 )  to  g iv e
r - Ü #  •
C om bining  e q s ,  (4 ) and (3 )  g iv e s  f o r  th e  G ibbs f r e e ,  e n e rg y  
o f  f o rm a t io n  o f  a  c r i t i c a l - s i z e d  embryo
I ôttYc.?
AG* =  - r  . (5 )
3 (a s ) 2 (a t )2
Eq. (4 )  shows t h a t  th e  c r i t i c a l  r a d i u s  f o r  n u c l e i  
f o rm a t io n  i s  i n v e r s e l y  p r o p o r t i o n a l  to  th e  d e g re e  o f  
s u p e r c o o l in g .  H ence, th e  num ber o f  n u c l e i  fo rm ed  (and  th u s  
th e  n u c lé a t i o n  r a t e )  i n c r e a s e s  w i th  in c r e a s e d  s u p e r c o o l in g .  
T h is  a c c o u n ts  f o r  th e  o b se rv e d  g r a i n  r e f in e m e n t  f o r  i n g o ts  
s o l i d i f i e d  u n d e r  c o n d i t i o n s  o f  l a r g e  s u p e r c o o l in g .  I t  i s  
e v id e n t  t h a t  th e  n u c l é a t i o n  r a t e  w i l l  d e c r e a s e  a s  i s  
a p p ro a c h e d  (AT-—» 0 ) b e c a u se  l a r g e r  em bryos a r e  r e q u i r e d  
f o r  s t a b i l i t y  (and th u s  fe w e r  n u c l e i  fo rm ), and a t  th e  
e q u i l ib r iu m  m e l t in g  te m p e ra tu re  no n u c lé a t io n  i s  p o s s ib l e  
( r * — e* oo ) ,  T h is  im p l ie s  t h a t  an " in c u b a t io n " p e r io d  i s  
r e q u i r e d  f o r  th e  d e v e lo p m e n t o f  s t a b l e  n u c l e i  w hich  in c r e a s e s
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F ig ,  2 , V a r ia t io n  o f  G ibbs f r e e  e n e rg y  change 
f o r  n u c l é a t i o n  w i th  s i z e  o f  n u c le u s .
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a s  AT d e c r e a s e s ,  and i t  i s  t h i s  in c u b a t io n  p e r io d  t h a t  
g iv e s  a  q u a s i - s t a b i l i t y  to  th e  s u p e rc o o le d  s t a t e .
I t  i s  o u t s id e  th e  scope  o f  t h i s  re v ie w  to  p r e s e n t  
a  d e t a i l e d  d ev e lo p m en t o f  n u c l é a t i o n  k i n e t i c s  w hich  h as 
b een  e x h a u s t iv e ly  t r e a t e d  in  a  num ber o f  o r i g i n a l  re v ie w  
p a p e rs^ ? *  1?» 38)^ The p r i n c i p l e s  o f  A b so lu te  R ate  T heory  
a s  a p p l ie d  to  th e  n u c lé a t io n  p r o c e s s  show t h a t  i f  th e  l a t e n t  
h e a t  o f  f u s io n  e x c e e d s  th e  th e rm a l e n e rg y , th e  r a t e  o f  
n u c lé a t i o n  may be a p p ro x im a te d  by
N ~  ■v exp A  G * RT ( 6 )
V i s  th e  jump o r  c o l l i s i o n  f r e q u e n c y  o f  an atom w ith  a  
c r i t i c a l  s iz e d  embryo g iv e n  by
V «  e -  , (7 )
w here i s  th e  a c t i v a t i o n  e n e rg y  p e r  m ole f o r  th e  t r a n s f e r
o f  th e  atom s a c r o s s  th e  l i q u i d - s o l i d  i n t e r f a c e .  F o r  exam ple , 
T u rn b u ll  and c o - w o r k e r s ^  show t h a t  f o r  hom ogeneous n u c lé a t io n
N(hom) « g - (  l6irVgi,/3(4S)2(AT)2kT), (g ,
Eq. (8 ) shows t h a t  th e  n u c lé a t io n  r a t e  i n c r e a s e s  a s  AG* 
d e c r e a s e s ,  i . e .  a s  th e  s u p e r c o o l in g  AT i n c r e a s e s  a s  i n d ic a te d  
above in  a  d i s c u s s io n  o f  Eq. (5)»
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(2 ) H e te ro g en e o u s  N u c lé a tio n  T h e o r ie s
Homogeneous n u c lé a t io n  d u r in g  s o l i d i f i c a t i o n  seldom  
o c c u rs  even  f o r  h ig h  p u r i t y  m e ta ls  b e c a u se  o f  th e  c a t a l y t i c  
e f f e c t  on n u c lé a t io n  o f  i n s o lu b le  i m p u r i t i e s  and th e  w a l ls  
o f  th e  c o n ta in e r ,  V b lm e r(^ ) , F i s h e r ( ^ ) ,  and T u r n b u l l ( ^ 
have d e v e lo p ed  r a t e  e x p re s s io n s  f o r  h e te ro g e n e o u s  n u c lé a t io n  
by e x te n d in g  th e  hom ogeneous n u c lé a t io n  t h e o r i e s  to  in c lu d e  
th e  e f f e c t  o f  s u b s t r a t e  on th e  therm odynam ics o f  th e  p r o c e s s .
A c o n s id e r a t i o n  o f  th e  i n t e r f a c i a l  e n e r g ie s  f o r  a  ( s o l i d )  
n u c le u s  fo rm in g  from  th e  l i q u i d  on a  s u b s t r a t e  (se e  F ig ,  3 ) 
g iv e s
VxL "  ^SX “  ^SL ® * (9)
w here 0 i s  d e f in e d  a s  th e  c o n ta c t  a n g le ,  Y s^and Vgj,
a re  r e s p e c t i v e l y  th e  s u b s t r a t e - l i q u i d ,  s u b s t r a t e - s o l i d ,  and 
s o l i d - l i q u i d  i n t e r f a c i a l  e n e r g i e s .  In  d e r iv in g  r a t e  e x p re s s io n s  
f o r  h e te ro g e n e o u s  n u c l é a t i o n ,  i t  i s  g e n e r a l l y  assum ed t h a t  th e  
s u b s t r a t e  e f f e c t  i s  to  re d u c e  th e  f r e e  e n e rg y  o f  fo rm a tio n  o f  
a  c r i t i c a l - s i z e d  embryo by  a  f a c t o r  4 ( 0 ) ,  i . e .
^ ^ ^ ■ (h e tr)  = f ( 0 )  , (10)
w here f o r  a  c a p -sh a p e d  embryo on a  f l a t  s u b s t r a t e ,  th e  f u n c t io n
f  (0 )  i s  g e n e r a l l y (9 )
f ( e )  = 2 -  2 e + . ( i i )
4
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U sin g  E q. (lO ) f o r  t h e  f r e e  e n e rg y  o f  f o r m a t io n  o f  a  
h e te ro g e n e o u s  n u c l e i ,  T u r n b u l l  and  H ollom on C?,) d e r i v e  f o r  
h e te ro g e n e o u s  n u c lé a t i o n  a n  e x p r e s s io n  o f  t h e  form
N (h g tr)® ^  kg  exp -  a Gj^ A tJ  exp a G* f ( e ) / k T j  , ( l 2 )
w here  kg i s  a  f a c t o r  c h a r a c t e r i s t i c  o f  th e  sh a p e  o f  th e  
n u c le u s .
The n u c le a t i n g  p h a s e  w i l l  fo rm  p r e f e r e n t i a l l y  on 
th o s e  i n c l u s i o n s  o r  s u b s t r a t e s  d e v e lo p in g  t h e  s m a l l e s t  
c o n ta c t  a n g le  ( c o r r e s p o n d in g  to  t o  t h e  lo w e s t  i n t e r f a c i a l  
e n e r g y ) .  I f  t h e  s o l i d  n u c le u s  "w e ts "  th e  s u b s t r a t e  and  th e  
l i q u i d  d o e s  n o t  ( c o r r e s p o n d in g  to  a  s m a ll  c o n ta c t  a n g l e ) ,  
n u c l é a t i o n  w i l l  te n d  to  o c c u r  a t  r e l a t i v e l y  l i t t l e  s u p e r c o o l in g .  
On t h e  o t h e r  h a n d , i f  t h e  i n t e r f a c i a l  e n e rg y  b e tw ee n  th e  
s u b s t r a t e  and  th e  s o l i d  n u c le u s  i s  l a r g e  com pared  to  t h a t  
b e tw een  th e  l i q u i d  and  s u b s t r a t e  ( c o n t a c t  a n g le  >9 0 ° )  
hom ogeneous n u c l é a t i o n  w i l l  b e  p r e f e r r e d .  Eq, ( l l )  shows 
t h a t  no s u p e r c o o l in g  i s  r e q u i r e d  f o r  n u c l é a t i o n  when 0 = 0° 
(c o m p le te  " w e tt in g "  o f  t h e  s u b s t r a t e  by th e  n u c le u s )  s in c e  
t h e r e  i s  no e n e rg y  b a r r i e r  ( ^ < ^ * (h e t r )^  t o  overcom e in  
fo rm in g  a  s t a b l e  em bryo, an d  t h a t  f o r  0 = l8 0 °  (no " w e t t i n g " ) ,  
th e  s u b s t r a t e  h a s  no e f f e c t  w h a tso e v e r  on t h e  n u c l é a t i o n  
p r o c e s s ,  s in c e  th e  f r e e  e n e rg y  f o r  h e te ro g e n e o u s  n u c lé a t i o n  
i s  e ^ u a l  to  t h a t  f o r  hom ogeneous n u c l é a t i o n .
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(3 )  C om parison  o f  T heory  and E x p e rim e n t
( a )  L iq u id  D ro p le t  T echn ique
The f i r s t  s y s te m a t ic  s tu d y  on s u p e r c o o l in g  b e h a v io u r  
o f  p u re  m e ta ls  was c a r r i e d  o u t  by  I n g e r s o l l  and  M e n d en h a ll( 1 ° ) .  
L iq u id  m e ta l d r o p l e t s  w ere p la c e d  upon th e  s u r f a c e  o f  a  
N e m s t  g lo w e r, th e  te m p e ra tu re  o f  w h ich  c o u ld  be v a r i e d  w ith  
a  r h e o s t a t ,  and exam ined w ith  a  low  pow er m ic ro sc o p e . The 
te m p e ra tu re  a t  w hich  th e  d r o p l e t s  showed a  " q u ic k  f l a s h "  o r  
b r ig h te n in g  o f  th e  s u r f a c e  on  c o o l in g  was ta k e n  a s  th e  
te m p e ra tu re  a t  w hich  n u c l é a t i o n  o c c u re d . They n o te d  t h a t  
l i q u i d  d r o p le tè . . ,  50  to  100 ^  d ia m e te r ,  o f  g o ld ,  p la t in u m , 
and rhodium  c o u ld  be s u p e rc o o le d  o v e r  1000, and  t h a t  
s u p e r c o o l in g  g e n e r a l l y  in c r e a s e d  a s  d r o p l e t  s i z e  d e c re a s e d .
I t  was p ro p o se d  t h a t  p a r t i t i o n i n g  l i q u i d  m e ta ls  i n to  d r o p le t s  
i s o l a t e s  and  d e c r e a s e s  th e  c o n c e n t r a t i o n  o f  e f f e c t i v e  
c a t a l y s t s ,  and  t h i s  h a s  b e en  v e r i f i e d  by  o t h e r  i n v e s t i g a t o r s .
I f  a  m ass o f  l i q u i d  c o n ta in in g  Mo a d v e n t i t i o u s  n u c lé a t io n  
c a t a l y s t s  p e r  u n i t  volum e i s  d i s p e r s e d  i n to  M d r o p l e t s  p e r  
u n i t  volum e, and i f  M ^  Mo, th e  p r o b a b i l i t y  t h a t  a  p a r t i c u l a r  
d r o p l e t  c o n ta in s  an a c c id e n ta l  c a t a l y s t  i s  p ~  ^  . T hus, i f  
th e  d r o p l e t  i s  sm a ll  enough , th e  p r o b a b i l i t y  f o r  hom ogeneous 
n u c l é a t i o n  becom es v e ry  s i g n i f i c a n t .  T h is  p a r t i t i o n i n g  
te c h n iq u e  h a s  been  u se d  f a i r l y  s u c c e s s f u l l y  f o r  homogeneous 
' n u c l é a t i o n  s tu d ie s '.
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Cech and T u r n b u l l u s e d  a m ic ro sc o p e  te c h n iq u e
to  d e te rm in e  th e  s o l i d i f i c a t i o n  te m p e ra tu re  o f  s m a ll  d r o p l e t s
(10 -  50 d ia m e te r )  f o r  a  num ber o f  d i f f e r e n t  m e ta ls
(s e e  T ab le  1 ) ,  On th e  b a s i s  o f  t h e i r  r e s u l t s  th e y  p ro p o se d
t h a t  f o r  p u re  m e ta ls  th e  r a t i o  o f  th e  maximum s u p e r c o o l in g
to  th e  a b s o lu te  m e l t in g  te m p e r a tu r e ,  -  0 .1 8 ,  E x c e p tio n s
melt
to  t h i s  r u l e  a r e  Ga, Pb, Sn , and A1, S in c e  th e  f u s io n  
e n t r o p i e s  f o r  m e ta ls  v a ry  c o n s id e r a b ly  a  d i r e c t  c o r r e l a t i o n  
be tw een  th e  i n t e r f a c i a l  e n e rg y  and th e  h e a t s  o f  f u s io n  was 
a t te m p te d  by T u r n b u l l ^ ^ 3 ) , N u m erica l v a lu e s  o f  w ere 
c a l c u l a t e d  from  th e  hom ogeneous n u c lé a t i o n  r a t e s  (e q , ( 8 ) )  
and th e  o b se rv e d  s u p e rc o o l in g  v a lu e s .  I t  was assum ed t h a t  
Y s l  ^^8  i s o t r o p i c  and t h a t  no a c t i v a t i o n  f r e e  e n e rg y  (^G^) 
was r e q u i r e d  f o r  atom t r a n s p o r t  from  l i q u i d  t o  s o l i d .  The 
a s su m p tio n  t h a t  was i s o t r o p i c  c a n n o t be t h e o r e t i c a l l y
j u s t i f i e d ;  n e v e r t h e l e s s ,  T u rn b u ll  was a b le  to  show t h a t  th e  
c a l c u l a t e d  gram a to m ic  i n t e r f a c i a l  e n e rg y  i s  ro u g h ly  
p r o p o r t io n a l  to  th e  h e a t s  o f  f u s i o n  (s e e  T ab le  1 ) .  A p l o t  
o f  th e  Yg v s (s e e  F ig .  4 )  shows t h a t  th e  m e ta ls  f a l l
i n to  two g ro u p s  c o r r e s p o n d in g  to ( ^ g / a H f  ) v a lu e s  o f  0 .4 5  and 
0 .32 .
( b ) N u c lé a tio n  in  Bulk Sam ples o f  P u re  M e ta ls
The e x te n t  to  w hich  b u lk  sam p les b o u ld  be s u p e rc o o le d  
com pared  to  m e ta l  d r o p l e t s  i s  v e ry  much l e s s ,  and  t h i s  may be
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S u b s ta n c e
max
s m a ll
d r o p l e t s
^  ^ maxrn




c a ls /g m . atom Y g /  AHp-
M ercury 77 0 .1 9 7 2 8 .1 355 0 ,2 3 6
G alliu m 76 0 .2 5 0 5 6 .0 578 0 .4 3 3
T in 118 0 ,2 1 8 5 9 .0 803 0 .4 6 6
B ism uth 90 0 ,1 6 5 5 4 ,4 827 0 .3 1 8
Lead 80 0 ,1 3 3 3 3 .3 480 0 .4 2 1
A ntim ony 135 0 .1 4 9 1 0 1 ,0 1436 0 .3 0 3
Alum inium 130 0 ,1 3 9 9 3 .0 933 0 .3 6 3
Germanium 22? 0 ,1 7 8 1 8 1 .0 2105 0 .2 7 7
S i l v e r 22? 0 ,1 8 4 1 2 6 .0 1233 0 .4 3 1
Gold 230 0 ,1 6 6 1 3 2 ,0 1322 0 ,4 4 ?  •
C opper 236 0 .1 7 4 1 7 7 .0 1369 0 .4 3 9
M anganese 308 0 ,2 0 3 2 0 6 .0 1685 0 .4 8 1
N ic k e l 319 0 ,1 8 5 2 5 5 .0 I 832 0 .4 3 5
C o b a lt 330 0 ,1 8 7 2 3 4 ,0 I 803 0 ,4 3 9
I r o n 295 0 .1 6 3 2 0 4 .0 1595 0 ,4 3 5
P a lla d iu m 332 0 .1 8 1 2 0 9 .0 1841 0 .4 3 8
P la tin u m 370 0 ,1 8 2 2 4 0 ,0 2145 0 .4 5 6
T ab le  1, Summary o f  r e s u l t s  on s u p e r c o o l in g  o f  l i q u i d  m e ta ls
( a f t e r  Cech and T u rn b u ll ( 1 1 )
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a t t r i b u t e d  to  th e  c a t a l y t i c  e f f e c t  o f  th e  c o n ta in e r  w a l l s  
and  th e  g r e a t e r  num ber o f  i m p u r i t i e s  p r e s e n t  i n  th e  b u lk  
s a m p le s . F o r  th e  c lo s e -p a c k e d  m e ta ls  su c h  a s  g o ld ,  c o p p e r  
o r  l e a d  D a n ilo v  and Newmark^^^) w ere  a b le  to  s u p e rc o o l  b u lk  
sa m p le s  no  more th a n  5C. How ever, f o r  m e t a l s - c r y s t a l l i z i n g  
i n  m ore com plex , l e s s  c lo se r-p a c k e d  s t r u c t u r e s ,  e .g .  t i n ,  
b is m u th  o r  g a l l iu m , s u p e rc o o l in g  o f  25c  o r  more c o u ld  be 
r e a l i z e d  i n  b u lk  sa m p le s . D a n ilo v  and  Newmark p ro p o se d  t h a t  
th e  d e g re e  o f  s u p e rc o o l in g  i s  a  f u n c t i o n  o f  th e  s t r u c t u r a l  
change  r e q u i r e d  f o r  th e  l i q u i d - s o l i d  t r a n s i t i o n .  L iq u id
m e ta ls  a r e  assum ed to  have sem i c lo s e -p a c k e d  s t r u c t u r e s .
/
C r y s t a l l i z a t i o n  o f  c lo s e -p a c k e d  s o l i d  from  a  sem i c l o s e -  
p a ck e d  l i q u i d  r e q u i r e s  l e s s  s t r u c t u r a l  change (minimum a to m ic  
d is p la c e m e n t)  and hence  l e s s  s u p e r c o o l in g  th a n  c r y s t a l l i z a t i o n  
o f  a  n o n c lo s e -p a c k e d  m e ta l from  a  sem i c lo s e -p a c k e d  l i q u i d .
B. NUCLEATION IN ALLOYS
( 1 ) ,  P r im a ry  N u c lé a tio n  T heory
P rim a ry  n u c lé a t io n  i s  d e f in e d  a s  th e  n u c lé a t io n  o f  
th e  p r im a ry  s o l i d  s o l u t io n  from  a  b in a r y  • l i q u i d  a l l o y .  The 
s o l i d  n u c le u s  form ed from  an a l l o y  m e lt  h a s  a  d i f f e r e n t  
c o m p o s it io n  th a n  th e  l i q u i d ,  and th u s  th e  fo rm u la t io n  o f  th e  
n u c l é a t i o n  p r o c e s s  i n  a l l o y s  i s  c o r r e s p o n d in g ly  more c o m p lic a te d , 
C h r i s t i a n h a s  t r e a t e d  th e  e n e r g e t i c s  f o r  n u c lé a t io n  a s  
f o l lo w s :
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S LI f  iûG ( c i ,  ,c  ) i s  th e  d r i v i n g  f o r c e  f o r  n u c l é a t i o n  
o f  a  s o l i d  o f  c o m p o s it io n  c^  from  a  l i q u i d  a l l o y  o f  
c o m p o s it io n  c ,  th e  f r e e  e n e rg y  ch an g e  p e r  atom  o f  n u c le u s  
i s  g iv e n  by
g S ( c i )  -  G&(c) + ( c i - c )  ( | | - )  , ( 1 3 )
w here G^ and G^ a r e  th e  f r e e  e n e rg y  p e r  atom  o f  th e  s o l i d
and l i q u i d  a l l o y  r e s p e c t i v e l y .  The l a s t  te rm  in  e q . %13) 
t a k e s  a c c o u n t o f  th e  f r e e  e n e rg y  ch an g e  o f  th e  l i q u i d  due 
to  th e  c o m p o s it io n  change  accom pany ing  f i n i t e  s o l i d i f i c a t i o n .  
F o r  a  s o l i d  embryo c o n ta in in g  n  a tom s th e  n e t  f r e e  e n e rg y  
change  i s
AG = n  A G ^^(c i, c ) + c ) n  , ( I 3 ) a
w here ^ S L  now r e p r e s e n t s  th e  s o l i d - l i q u i d  i n t e r f a c i a l  
e n e rg y  f o r  th e  a l l o y ,  and i s  a  f u n c t i o n  o f  th e  c o m p o s it io n s  
o f  th e  n u c le a t in g  s o l i d  and th e  l i q u i d  a l l o y .  How ever, i f  
th e  v a r i a t i o n  o f  Y SL w ith  c o m p o s it io n  i s  sm a ll  and assum ed 
n e g l i g i b l e ,  th e  G ibbs f r e e  e n e rg y  o f  f o rm a t io n  f o r  a  c r i t i c a l ­
s iz e d  embryo i s  g iv e n  by  an  e q u a t io n  t h a t  i s  f u n c t i o n a l l y
e q u iv a le n t  to  e q . ( 5 ) ,  ^ v i z . ,
AG* = , (14)
27 j^AGSL(ci, c ) j
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( 2 ) .  S eco n d ary  N u c lé a t io n  T heory
S eco n d ary  n u c l é a t i o n  r e f e r s  to  th e  o n s e t  o f  th e  
e u t e c t i c  s o l i d i f i c a t i o n  a f t e r  p r im a ry  p h a s e  g ro w th  h a s  
p r o g r e s s e d  be low  th e  e u t e c t i c  te m p e ra tu re  ( s e e  P ig .  5)«
GP i s  th e  s u p e r c o o l in g  r e q u i r e d  f o r  t h e  se c o n d a ry  p h a se  (p )  
s o l i d i f i c a t i o n  i n  p r e s e n c e  o f  a  p r im a ry  p h a se  (cC). F o llo w in g  
p r im a ry  n u c l é a t i o n  a t  T^, f u r t h e r  c o o l i n g  o f  a l l o y  X t o  Tg 
w i l l  r e s u l t  i n  c o n t in u e d  g ro w th  o f  p r im a ry  eC $ w ith  th e  
c o m p o s it io n s  o f  ( i n t e r f a c i a l )  l i q u i d  and  s o l i d  p h a s e s  
f o l lo w in g  th e  l i q u i d u s  and s o l id u s  l i n e s  r e s p e c t i v e l y  down 
to  e u t e c t i c  te m p e r a tu r e .  N u c lé a t io n  o f  th e  s e c o n d a ry  p h a se  
(^ )  w i l l  a l s o  r e q u i r e  some s u p e r c o o l in g ,  and  th e  d e g re e  o f  
s u p e r c o o l in g  w i l l  be  d e te rm in e d  by  th e  e f f e c t i v e n e s s  o f  
p r im a ry  oc a s  a  n u c l e a t i n g  a g e n t  f o r  p  . I f  «% i s  a  good 
n u c le a n t  f o r  ^ , v e ry  l i t t l e  s u p e r c o o l in g  f o r  n u c l é a t i o n  o f  
^  w i l l  b e  r e q u i r e d ,  a f t e r  w hich  th e  r e m a in in g  l i q u i d  w i l l  
s o l i d i f y  e u t e c t i c a l l y  ( n e a r  th e  e u t e c t i c  te m p e r a tu r e )  by 
c o u p le d  g ro w th  o f  b o th  s e c o n d a ry  p h a s e s  ( ®c and  p ) .  Where 
ot i s  a  p o o r  n u c le a n t  f o r  jS , c o n s id e r a b le  s u p e r c o o l in g  
be lo w  Tg w i l l  be  r e q u i r e d ,  d u r in g  w h ich  m e ta s ta b le  p r im a ry  
g ro w th  c o n t in u e s  b e lo w  th e  e u t e c t i c  t e m p e r a tu r e ,  th e  s o l i d  
and l i q u i d  c o m p o s it io n s  f o l lo w in g  th e  m e ta s ta b le  s o l i d u s  
and l i q u i d u s  l i n e s  r e s p e c t i v e l y  (show n b ro k e n  i n  F ig ,  5 ) .
A t some te m p e r a tu r e ,  sa y  T2 , n u c l é a t i o n  and r a p i d  g ro w th  o f  
p w i l l  o c c u r ,  r e s u l t i n g  i n  th e  f o rm a t io n  o f  h a lo s  o f  th e
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co m p lim en ta ry  p h a se  (p ) s u r ro u n d in g  th e  p r im a ry  (oc)  c r y s t a l s
o r  d e n d r i t e s .  The c o m p o s itio n  o f  th e  l i q u i d  a l l o y ,  d u r in g
th e  p r e c i p i t a t i o n  o f  e x c e s s  p , p ro c e e d s  to  move b ack  to  th e
e u t e c t i c ,  and a t  some te m p e ra tu re  below  th e  e u t e c t i c  th e
re m a in in g  l i q u i d  s o l i d i f i e s  e u t e c t i c a l l y  by s im u lta n e o u s
(c o u p le d )  g row th  o f  th e  se c o n d a ry  ( oc a n d ^  ) p h a s e s .
D epend ing  on th e  im posed c o o l in g  r a t e ,  th e  l a t e n t  h e a t
r e l e a s e d  a t  th e  o n s e t  o f  th e  s e c o n d a ry  s o l i d i f i c a t i o n  may
o r  may n o t  be s u f f i c i e n t  to  r a i s e  th e  te m p e ra tu re  c o m p le te ly
back  to  Tg, I f  t h e  s u p e rc o o l in g  f o r  th e  n u c lé a t io n  o f
p r im a ry  from  an a l l o y  c o r re s p o n d in g  to  a  c o m p o s it io n  Y e x c e e d s
GP, th e n  th e  l a t t e r  i s  ta k e n  to  be  th e  s u p e r c o o l in g  r e q u i r e d
f o r  th e  se c o n d a ry  (h e te ro g e n e o u s )  n u c lé a t io n  o f  th e  p p h a se
in  th e  p re s e n c e  o f  th e  p r im a ry  oC p h a s e .
I t  i s  g e n e r a l l y  assum ed t h a t  a  c o m p o s it io n - te m p e ra tu re
re g io n  e x i s t s  in  m ost a l l o y  sy s te m s in  w hich  a  c o u p le d  g ro w th
o f  b o th  p h a se s  o c c u r s  i n  a  q u a s i - e u t e c t i c  m anner, w ith  no
p r i o r  p r e c i p i t a t i o n  o r  g row th  o f  th e  s u p e r s a tu r a t e d  co m p lim en ta ry
p h a s e , and th u s  no h a lo s  a re  fo rm ed . The e u t e c t i c - l i k e  s t r u c t u r e
th u s  form ed w i l l  have a  c o m p o s itio n  d i f f e r e n t  from  t h a t  f o r
th e  e q u i l ib r iu m  e u t e c t i c  s t r u c t u r e ,  and t h i s  i s  p o s s ib l e
th ro u g h  a  v a r i a t i o n  i n  th e  la m e l la e  s p a c in g . Such a  c o u p le d
g ro w th  r e g io n  i s  s c h e m a t ic a l ly  r e p r e s e n te d  in  P ig .  6 , F o r
%
a l l o y  X, s u p e rc o o le d  to  T2 p r i o r  to  se c o n d a ry  n u c lé a t io n ,  
c o u p le d  g row th  o f  th e  o< and ^  p h a s e s  o c c u r  im m e d ia te ly  on
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n u c l e a t i o n  o f  p , r e s u l t i n g  i n  a  q u a s i - e u t e c t i c  s t r u c t u r e ,  
w ith  no h a lo s  s u r ro u n d in g  th e  p r im a ry  d e n d r i t e s .  F o r  an  
a l l o y  o f  c o m p o s it io n  Y, t h e  m e ta s ta b le  l i q u i d u s  l i e s  o u t s id e  
th e  r e g i o n  o f  c o u p le d  g ro w th , and  s e c o n d a ry  n u c l é a t i o n  and 
g ro w th  o f  th e  cx p h a se  p r o c e e d s  by  h a lo  f o r m a t io n  a ro u n d  
p r im a ry  p d e n d r i t e s ,  s u b s e q u e n t ly  fo l lo w e d  by  th e  s im u lta n e o u s  
( c o u p le d )  p r e c i p i t a t i o n  o f  th e  <x and  p p h a s e s  n e a r  th e  
e u t e c t i c  c o m p o s i t io n .  The c o n c e p t  o f  c o u p le d  g ro w th  was 
f i r s t  s u g g e s te d  b y  Taraman and  Botchwar^.^.^) f o r  o r g a n ic  m e l t s ,  
S c h e i l ^ l ? '  I G) ,  H o g a n H u n t  a n d . J a c k s o n ) and 
P o w e ll and  C o ll ig a n ^ ^ ^ ^  have  a p p l i e d  th e  c o n c e p t  o f  c o u p le d  
g ro w th  to  i n t e r p r e t  th e  s o l i d i f i c a t i o n  s t r u c t u r e s  f o r  v a r io u s  
e u t e c t i c  a l l o y  s y s te m s .
( 3 ) ,  C om parison  o f  T heory  and  E x p e rim e n t
T u rn b u ll  and  C e c h /^ ^ ) ,  u s in g  th e  sm a ll  d r o p l e t  
t e c h n iq u e ,  s tu d ie d  n u c l é a t i o n  i n  t h e  Cu-Ni a l l o y  sy s tem  and 
showed t h a t  th e  maximum s u p e r c o o l in g  s a t i s f i e d  th e  e m p i r ic a l  
r e l a t i o n  a t / t  a  0 ,1 8  ( c , f .  T ab le  2 ) ,  i n  a g re em e n t w ith  th e  
s u p e r c o o l in g  r e s u l t s  o b ta in e d  f o r  s e v e r a l  p u re  m e ta l s .
The s o l i d i f i c a t i o n  b e h a v io u r  o f  Pb-Sn a l l o y s  ( s m a ll  
d r o p l e t  t e c h n iq u e )  was i n v e s t i g a t e d  by  Hollom on and T u r n b u l l ^^5)
I
1
and t h e i r  r e s u l t s  a r e  shown i n  F ig .  7 , The c r o s s e s  and 
s q u a re s  i n d i c a t e  t h e  t e m p e r a tu r e s  o f  maximum p r im a ry  s u p e rc o o l in g  
f o r  th e  h y p o -an d  h y p e r e u t e c t i c  a l l o y s  r e s p e c t i v e l y .  A llo y s
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A llo y
C o m p o sitio n
wt?&Cu
L iq u id u s
T em p era tu re
OK(T)
Maximum
S u p e rc o o lin gn “^ ^m axV
Tl i q u i d u s
1 0 0 ,0 0 1356 236 0 .1 7 4
8 8 .9 3 1418 254 0 .1 7 9
8 0 .6 2 1466 268 0 .1 8 3
7 2 .2 7 1511 278 0 .1 8 4
6 1 .9 5 1548 275 0 .1 7 8
5 1 .5 1 1585 281 0 .1 7 7
4 0 .8 9 1618 304 0 .1 8 8
3 2 .0 1 1653 280 0 .1 6 9
2 8 .3 9 1683 289 0 .1 7 2
1 0 .2 8 1707 314 0 .1 8 4
0 .0 0 1725 319 0 .1 8 5
T ab le  2 , P rim a ry  s u p e r c o o l in g  r e s u l t s  f o r  Cu-N i sy s tem
( a f t e r  Cech and T u rn b u ll (24) ).
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Pb w t% S n -------  Sn
P ig .  7 . P rim ary  and se c o n d a ry  s u p e rc o o l in g  r e s u l t s  
f o r  Pb-Sn a l l o y s  ( a f t e r  Hollomon and 
T u r n b u l l ( 2 5 ) ) ,
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con  t a i n i n g  20 to  60  at?S Sn showed a  s e c o n d a ry  s o l i d i f i c a t i o n  
t e m p e r a tu r e ,  i n d i c a t e d  by  th e  t r i a n g l e s  in  F ig .  7 . F o r  
p r im a ry  n u c l é a t i o n ,  t h e  s u p e rc o o l in g  f o r  b o th  th e  P b - r i c h  
and S n - r i c h  a l l o y s  i n i t i a l l y  d e c r e a s e s  a s  th e  s o l u t e  
c o n c e n t r a t i o n  i s  i n c r e a s e d ,  and  th e n  i n c r e a s e s  s l i g h t l y  w ith  
i n c r e a s in g  a l l o y  c o m p o s it io n  to  th e  e u t e c t i c .  S eco n d ary  
n u c l é a t i o n  f o r  th e  P b - r i c h  a l l o y s  r e q u i r e s  a  s u b s t a n t i a l  
am ount o f  s u p e r c o o l in g ,  200  b e low  th e  e u t e c t i c  te m p e r a tu r e ,  
and  s u g g e s t s  t h a t  th e  -P b  s u b s t r a t e  i s  a  p o o r  n u c l e a n t  f o r  
^  -S n  n u c l é a t i o n .  The S n - r ic h  a l l o y s  have  o n ly ,o n e  j 
s o l i d i f i c a t i o n  te m p e r a tu r e s  (shown by  s q u a r e s )  w hich  i n d i c a t e s  
t h a t  s e c o n d a ry  n u c l é a t i o n  and  s o l i d i f i c a t i o n  o f  th e  S n - r i c h  
a l l o y s  r e q u i r e s  l i t t l e  o r  no s i g n i f i c a n t  s u p e r c o o l in g .  T h is  
s u g g e s t s  t h a t  p -S n  i s  a  s t r o n g  n u c l e a n t  f o r  o^-Pb. The 
e m p i r ic a l  r e l a t i o n  A T / t  m e l t  = 0 . 1 8 ,  w h ich  a l l e g e d l y  d e s c r i b e s  
th e  s u p e r c o o l in g  b e h a v io u r  f o r  p u re  m e ta ls  and C u-N i a l l o y s  
d o e s  n o t  h o ld  f o r  th e  Pb-S n  a l l o y  sy s te m .
S u n d q u is t  and M o n d o l f o a l s o  o b se rv e d  th e  non­
r e c i p r o c a l  s e c o n d a ry  n u c l é a t i o n  e f f e c t  r e p o r t e d  by H ollom an 
and T u rn b u ll  i n  t h e i r  i n v e s t i g a t i o n  o f  I 9 e u t e c t i c  s y s te m s .
The d r o p l e t  te c h n iq u e  was u sed  f o r  d e te r m in in g  se c o n d a ry  
s u p e r c o o l in g  in  n e a r - e u t e c t i c  c o m p o s it io n  a l l o y s  on b o th  
s i d e s  o f  th e  e u t e c t i c  p o i n t .  Thus t h e  two p r im a ry  p h a s e s  
r e c i p r o c a t e  a s  th e  n u c l e a t i n g  s u b s t r a t e s  f o r  s e c o n d a ry  
s o l i d i f i c a t i o n .  U sing  a  h o t  s ta g e  m ic ro sc o p e  th e  f r e e z i n g
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o f  t h e  d r o p l e t  was d e t e c t e d  by o b s e rv in g  th e  su d d en  change 
I n  sh a p e  and  s u r f a c e  f e a t u r e s .  The r e s u l t s ,  t a b u l a t e d  i n  
T a b le  3» show t h a t  i n  g e n e r a l  one  o f  t h e  p r im a ry  p h a s e s  i s  
a  much b e t t e r  n u c le a n t  th an  th e  o t h e r .  P r i o r  t o  th e  work o f  
S u n d q u is t  and  M ondolfo i t  was g e n e r a l l y  h e ld  t h a t  a  c lo s e  
c r y 8 t a l l o g r a p h i o  f i t  b e tw ee n  th e  s u b s t r a t e  an d  th e  n u c le u s  
i s  r e q u i r e d  f o r  low  s u p e rc o o l in g  i n  n u c l é a t i o n .  The r e s u l t s  
o f  S u n d q u is t  and  M ondolfo i n d i c a t e  t n a t  l a t t i c e  m i s f i t  can  
n o t  b e  t h e  d e te rm in in g  f a c t o r  i n  s u p e r c o o l in g ,  s i n c e  th e  
same d e g re e  o f  m u tu a l m i s f i t  i s  in v o lv e d  b e tw ee n  of an d  p  p h a s e s  
f o r  t h e  a l l o y s  on b o th  s i d e s  o f  th e  e u t e c t i c ,  w hich  r e q u i r e  
d i f f e r e n t  am ounts o f  s u p e r c o o l in g  f o r  n u c l é a t i o n ,
S u n d q u is t  and  M ondolfo e x p la in e d  th e  n o n - r e c ip r o c a l  
n u c l é a t i o n  phenomenon on  th e  b a s i s  o f  t h e  d i f f e r e n t  i n t e r f a c i a l  
e n e r g ie s  b e tw een  th e  p r im a ry  p h a se  s u b s t r a t e s  and  th e  r e s p e c t iv e  
l i q u i d s  i n  c o n ta c t .  A ssum ing t h a t  t h e  s o l i d - l i q u i d  i n t e r f a c i a l  
e n e rg y  f o r  th e  s o l i d  s o l u t i o n  a l l o y  i s  a p p ro x im a te ly  t h a t  f o r  
t h e  p u r e  m e ta l ,  v a lu e s  o f  co s  0 (=
w ere  com puted  u s in g  é q s .  ( l 2 ) , ( l l ) ,  (9)  and  s u p e rc o o l in g  v a lu e s  
from  T a b le  3 ,  I t  was fo u n d  t h a t  i n  a l l  b u t  a  few  sy s te m s th e  
v a lu e  f o r  co s  Ô -  1 , id iic h  i n d i c a t e s  t h a t  t h e  r e l a t i o n  b e tw een  
t h e  t h r e e  i n t e r f a c i a l  e n e r g ie s  i s  Yy-y =  + Ygj^. When Y x L
i s  l e s s  th a n  Y sL  t h e r e  i s  a n  I n t e r f a c i a l  e n e rg y  b a r r i e r  to  
n u c l é a t i o n  o f  th e  s o l i d  s o l u t i o n  on  th e  s u b s t r a t e  r e g a r d l e s s  o f  th e  
v a lu e s  o f  V ^s th e  s u p e r c o o l in g  i s  l a r g e  i n  th is case, The metals
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of the alloy systems investigated were arranged in a series 
such that metal A nucleates any metal B above it at low 
supercooling but has low nucleating effect on any metal C 
below it. This series is shown in Table 4. In another 
investigation Sundquist and M o n d o l f o ^^7) observed when 
secondary supercooling was large, a halo of the secondary 
phase formed around primary nucleating phase.
Powell and Colligan^^®) investigated the non-reciprocal 
nucléation behaviour in bulk samples of the binary alloys: 
Ag-Bi, Pb-Bi and Sn-Bi, and their results are in agreement 
with those of Sundquist and Mondolfo, However, the supercooling 
obtained in the bulk samples were substantially lower than for 
the liquid droplets reported by Sundquist and Mondolfo,
Gigliotti, Colligan & Powell (30»3l) observed that 
for Pb-Bi, Sn-Bi and Al-Cu (non faceted - faceted system) 
alloys, a halo of the non facted phase formed around the 
faceted even at very low secondary supercooling. This is 
due to the coupled region of growth in non- faceted -faceted 
systems being skewed towards the faceted phase (c,f. Pig. 6).
In a non faceted -faceted eutectic binary system one of 
of the terminal solidisolutions, on solidification, separates 
in the form of facets and hence is called a faceted phase.
A faceted phase is distinguished from a non faceted phase -. 
by its well defined and sharp corners when examined under 
a microscope.
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M eta l
C r y s t a l
S t r u c tu r e e a l /m o le eal/m 01e/® K
A S fu s io n
e a ls /m o le /^ K
B
r T l hep 512 0 .8 0 1 .7 8
Lpb f e e 479 0 .8 0 1 .8 1
rAg f e e 1240 1 .0 0 2 .1 8
Au f e e 1320 0 .9 9 2 .2 8
A
Cu fe e 1360 1 .0 1 2 .0 9
Ni hep I 860 1 .0 8 2 .4 4
Co hep 1800 1 .0 2 2 .1 2
^Fe bee 1580 1 .0 1 2 .0 1
Ge diam ond C ubic 2120 1 .7 1 5 .9 3
1
Sn diam ond C ubic 720  • 1 .4 7 3 .3 2
c
Zn hep 870 1 .2 6 2 .5 1
Bi R hom bohedral 875 1 .5 2 4 .8 3
LSb R hom bohedral 1430 1 .5 9 5 .2 5
T ab le  4 .  N u c lé a t io n  S e r i e s  ( a f t e r  S u n d q u is t  and  M o n d o l f o ^ ).
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I l l  EXPERIMENTAL
P y re x  o r  q u a r t z  tu b e s  d l a  X , o u t s id e
d i a .  18mm. ) w ere  u se d  a s  c r u c i b l e s  f o r  a l l  a l l o y s  e x c e p t  th e  
A l ( r i c h ) - S n  m e l ts  w hich  w ere  p ro n e  t o  r e a c t  w i th  t h e  s i l i c a -  
b a s e  c o n t a i n e r s .  G ra p h ite  c r u c i b l e s  w ith  sm o o th ly  p o l i s h e d  
i n t e r i o r s  w ere  u se d  f o r  th e  A l-S n  a l l o y s .  The q u a r t z  and  
p y re x  c r u c i b l e s  w ere  th o ro u g h ly  c le a n e d  by  w ash in g  w ith  a  
so ap  s o l u t i o n ,  r i n s i n g  f i r s t  w ith  w a te r  a n d  th e n  e th a n o l ,  
qrtd d ry in g ."  As a n  e x t r a  p r e c a u t io n  t o  m in im iz e  c o n ta m in a t io n ,  
new c r u c i b l e s  w ere u se d  f o r  e v e ry  a l l o y .  Wo c h e m ic a l c le a n in g  
was p o s s i b l e  f o r  t h e  g r a p h i t e  c r u c i b l e s :  h o w e v e r, t h e  c r u c i b le  
i n t e r i o r s  w ere  m ach ined  to  a  h ig h ly  sm ooth f i n i s h  a n d  th e n  
a i r  b low n t o  rem ove any  d u s t  p a r t i c l e s  t h a t  m ig h t p ro m o te  
n u c l é a t i o n .
M e lt in g ,  h o m o g e n iz a tio n , an d  c o o l in g  o f  t h e  a l l o y s  
w ere  c a r r i e d  o u t  i n  a  vacuum i n d u c t i o n  f u r n a c e  u s in g  a  
P h i l l i p s  h ig h  f re q u e n c y  pow er s o u r c e .  The s c h e m a tic  d iag ram  
o f  t h e  a p p a r a tu s  i s  shown i n  F ig .  8 , The cham ber was 
e v a c u a te d  t o  a p p ro x im a te ly  iCT^ to  iO “ ^ t o r r ,  f i l l e d  w ith  
a rg o n ,  r e - e v a c u a te d  and  r e f i l l e d  w i th  a rg o n  b e f o r e  each  
e x p e r im e n t .  I n  a l l  c a s e s  t h e  e x p e r im e n ts  w ere  c o n d u c te d  
u n d e r  a  p o s i t i v e  a rg o n  a tm o sp h e re  t o  a v o id  e x c e s s iv e  l o s s  o f  
t h e  m ore v o l a t i l e  a l l o y  com ponents th ro u g h  e v a p o r a t io n .
- 30 -
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To r e c o r d e r
A High f r e q u e n c y  g e n e r a t o r  
B -  C h ro m el-a lu m el th e rm o co u p le  
C -  Thin  w a l le d  p y re x  o r  q u a r t z  
s h e a th in g  
D -  A i r  t i g h t  r u b b e r  o r  g l a s s  
E -  C r u c ib l e  s t o p p e r
F -  F u rn a c e  cham ber 
G -  Argon i n l e t
H -  D i f f u s i o n  pump 
I  -  Ceram ic b lo c k  
J  -  M echan ica l  Pump 
K -  G la ss  p l a t e  
I. -  C o i l
Vi^Vg.V^.VZf, -  V a lves
F i g ,  8 . S ch em atic  d iagram  o f  th e  a p p a r a t u s  
u se d  f o r  s u p e r c o o l in g  s t u d i e s .
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Component m e t a l s  o f  59 g r a d e  p u r i t y  were w eighed  i n  gram s 
to  t h i r d  d e c im a l  a c c u ra c y  to  make a  t o t a l  a l l o y  o f  
a p p ro x im a te ly  30 gms. The p y r e x  o r  q u a r t z  ( t u b e ) c r u c i b l e  
c o n t a i n i n g  th e  m e ta l s  was p l a c e d  i n  a  c l o s e  f i t t i n g ,  
c y l i n d r i c a l  g r a p h i t e  c o n t a i n e r  f o r  s u p p o r t ,  t h e  l a t t e r  s e t  
on a  c e ram ic  b a s e .  The o u t e r  g r a p h i t e  c o n t a i n e r  p rom oted  
t h e  d ev e lopm en t o f  a u n ifo rm  t e m p e r a tu r e  i n  t h e  m e l t  a lo n g  
t h e  c r u c i b l e  l e n g t h ,  and te n d e d  to  p r e v e n t  o r  m in im ize  
d i r e c t i o n a l  h e a t  f lo w  and d i r e c t i o n a l  s o l i d i f i c a t i o n .  An 
a l l o y  m e l t  was h e ld  a t  a  s u p e r h e a t  t e m p e r a tu r e  o f  50C 
(above th e  l i q u i d u s  t e m p e r a tu r e  ) f o r  a t '  l e a s t  on® h o u r  f o r  
h o m o g e n iz a t io n ,  a f t e r  w hich  t h e  f u r n a c e  power was s h u t  o f f  
and th e  sam ple a l lo w e d  to  c o o l  ( l a r g e l y  by r a d i a t i o n )  u n t i l  
s o l i d i f i c a t i o n  was c o m p le te .  The t e m p e r a tu r e  o f  t h e  m e l t  
was m easured  by  a  28 gauge c h ro m e l-a lu m e l  th e rm o c o u p le  
( s h e a th e d  in  a  p r o t e c t i v e  t h i n - w a l l e d  p y re x  o r  q u a r t z  t u b e )  
p l a c e d  i n  th e  c e n t e r  o f  th e  m e l t ,  and th e  c o o l i n g  r a t e s  
w ere c o n t i n u o u s l y  m o n ito re d  u s in g  a  W e s t ro n ic s  r e c o r d e r  
w i th  a  m easured  a c c u ra c y  o f  + 20. The t e m p e r a tu r e  d i f f e r e n c e  
be tw een  th e  l i q u i d u s  l i n e  and t h e  a r r e s t  o r  r e v e r s a l  p o i n t  
i n  th e  c o o l i n g  c u rv e  was t a k e n  a s  t h e  s u p e r c o o l i n g  r e q u i r e d  
f o r  p r im a r y  p h a s e  soTiaifLcalion, The t e m p e r a tu r e  d i f f e r e n c e  
be tw een  th e  a r r e s t  o r  r e v e r s a l  p o i n t  i n d i c a t i n g  t h e  i n i t i a t i o n  
o f  s e c o n d a ry  sdHdjfication. and th e  l i q u i d u s  l i n e  o f  t h e  
c o m p lim e n ta ry  p h a s e  was t a k e n  a s  t h e  s u p e r c o o l i n g  r e q u i r e d
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f o r  s e c o n d a r y  p h a se  soM iOcaticn i n  p r e s e n c e  o f  t h e  p r i m a r y  
p h a s e .  The c o o l i n g  r a t e s  v a r i e d  w i t h  t h e  c o m p o s i t i o n  o f  t h e  
m e l t s ;  f rom a p p r o x i m a t e l y  30C/min,  f o r  t h e  l o w - m e l t i n g - p o i n t ,  
low c o n d u c t i v i t y  a l l o y s  ( e . g .  S n - B i ) ,  u p to  200C/min. f o r  th e  
h i g h - m e l t i n g - p o i n t ,  h i g h  c o n d u c t i v i t y  a l l o y s  (Ag-Cu). The 
s u p e r c o o l i n g - w a s  d e t e r m i n e d  f o r  b o th  f a s t  and s low  c o o l i n g  
r a t e s  f o r  t h e  p u r e  m e t a l s ,  S b ( r i c h ) - P b ,  and Sn-Bi  a l l o y s .
The s lo w e r  c o o l i n g  r a t e s  were o b t a i n e d  by i n s u l a t i n g  t h e  
i n n e r  ( m e l t )  c r u c i b l e  from  th e  o u t e r  ( s u p p o r t i n g )  c r u c i b l e  
w i th  F i b e r  Frax wool ( s e e  F ig .  9 ) .  By t h i s  method t h e  c o o l i n g  
r a t e  c o u ld  be d e c r e a s e d  by a f a c t o r  o f  5 o r  more ( e . g .  f o r  
t h e  S n -B i a l l o y s  t h e  c o o l i n g  r a t e  was d e c r e a s e d  from 
a p p ro x im a te ly  30C/m in. to  5 C /m in . ) ,  A minimum o f  f o u r  
s u p e r c o o l i n g  r e a d i n g s  were t a k e n  f o r  e ac h  a l l o y .  F o r  s e v e r a l  
a l l o y s  t h e  th e rm o co u p le  p o s i t i o n  was v a r i e d  from  n e a r  to p  to  
n e a r  b o t to m  in  th e  c r u c i b l e ,  b u t  no s i g n i f i c a n t  d i f f e r e n c e  
i n  s u p e r c o o l i n g  was o b s e r v e d .  To d e te rm in e  i f  t h e  p r o t e c t i v e  
q u a r t z  s h e a t h i n g  i n t r o d u c e d , a  s i g n i f i c a n t  l a g  i n  th e  th e rm a l  
r e s p o n s e  o f  th e  th e rm o c o u p le ,  c o o l i n g  c u r v e s  were o b t a i n e d  
f o r  s e v e r a l  a l l o y s  b o th  w i th  and w i th o u t  t h e  s h e a t h i n g .  No 
s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  r e s p o n s e  o f  t h e  th e rm o c o u p le  
was e v i d e n t .
F o l lo w in g  s o l i d i f i c a t i o n ,  t h e  i n g o t s  were  s e c t i o n e d
»
l o n g i t u d i n a l l y  and th e  bo ttom  h a lv e s  mounted f o r  m e t a l l o g r a p h i c  
e x a m in a t io n .  The r e l a t i v e  s o l u t e  (B i)  d i s t r i b u t i o n s  i n  p r im a ry
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—3 4 -
G la s s  s to p p e r
T hin  w a l le d  
p y r e x  o r  q u a r t z  tu b e
T herm ocouple
0 - r i n g s
G la s s  p l a t e  
(K i n  F i g .  8)
P y re x  o r  q u a r t z  tu b e
G r a p h i t e  c r u c i b l e  
F i b e r  f r a x  wool 
G ra p h i te  c r u c i b l e  
a l l o y  m e l t
F i g ,  9 .  D e t a i l e d  s c h e m a t ic  i l l u s t r a t i o n  o f  c r u c i b l e  
a r ra n g e m e n t  u se d  f o r  s low  c o o l i n g  r a t e s .
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o( -S n  c r y s t a l s  o f  t h r e e  S n-B i h y p o e u te c t ic  a l l o y s  w ere 
d e te rm in e d  u s in g  a  JEOL e l e c t r o n  p ro b e  m ic ro a n a ly s e r .  
C h a r a c t e r i s t i c  X -ray s  o f  B i r a d i a t i o n  (wave l e n g th  = 
5 ,1 0 8 A °) a t  20 = 29® 42 ' w i th  a  m ic a  a n a ly s in g  c r y s t a l  
w ere u s e d ,
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IV  RESULTS
A. PRIMARY SOLIDIFICATION
A t y p i c a l  c o o l i n g  c u rv e  i s  shown i n  F i g .  10 f o r  t h e  
Pb-30w t^Sn a l l o y .  The t e m p e r a tu r e  d i f f e r e n c e  be tw een  t h e  
l i q u i d u s  and t h e  a r r e s t  o r  r e v e r s a l  p o i n t  o f  th e  c o o l i n g  ' 
c u rv e  was t a k e n  a s  t h e  d e g re e  o f  s u p e r c o o l i n g .  F o r  exam ple , 
th e  p r im a r y  s u p e r c o o l i n g  (ATo< ) f o r  th e  Pb-30w t^Sn a l l o y  i s  
m easu red  from  th e  c o o l i n g  c u rv e  as  13C, w hich  i s  th e  d i f f e r e n c e  
be tw een  th e  l i q u i d u s  t e m p e r a tu r e  (257C) and t h e  a r r e s t  
t e m p e r a tu r e  (244c). The s u p e r c o o l i n g  ( a T ^ )  r e q u i r e d  f o r  
soli<Bilcaticai o f  th e  s e c o n d a ry  ( S n - r i c h  p )  p h a s e  f o r  th e  same 
a l l o y  i s  d e te rm in e d  a s  33C, w hich  i s  t h e  d i f f e r e n c e  be tw een  
th e  a r r e s t  t e m p e r a tu r e  (157C) and t h e  l i q u i d u s  t e m p e r a tu r e  
(190c) f o r  t h e  S n - r i c h  p h a s e  a t  a  c o m p o s i t io n  c o r r e s p o n d i n g  
to  157c on t h e  e x te n d e d  ( m e t a s t a b l e )  l i q u i d u s  l i n e  f o r  th e  
P b - r i c h  p r im a r y  p h a se  ( c . f . F ig .  5)* The c o o l i n g  c u r v e s  and 
r e s p e c t i v e  s u p e r c o o l i n g  m easu rem en ts  were o b t a i n e d  f o r  s e v e r a l  
a l l o y s  f o r  e a c h  a l l o y  sy s te m  i n v e s t i g a t e d .  The a l l o y  c o m p o s i t io n s  
i n v e s t i g a t e d  a r e  i n d i c a t e d  by v e r t i c a l  l i n e s  on th e  r e s p e c t i v e  
p h a se  d ia g ra m s  t h a t  f o l l o w  ( F ig s .  1 1 , 13 , 15, 17, and 1 9 ) .
I
The p r im a r y  s u p e r c o o l i n g  r e s u l t s  f o r  t h e  a l l o y  sy s te m s  a r e  
shown i n  F i g s .  12, l 4 ,  I 6 , 18, and 20 . The v e r t i c a l  l i n e s  
and b a r s  r e p r e s e n t  the . s t a n d a r d  d e v i a t i o n s  b a se d  on a  minimum
- 3 6 -
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o f  f o u r  m easu rem en ts  f o r  eac h  a l l o y ,  and i n d i c a t e  th e  h ig h  
r e p r o d u c i b i l i t y  i n  m easu rem en ts  t h a t  was r e a l i z e d  in  t h i s  
i n v e s t i g a t i o n .  I t  i s  o b s e rv e d  t h a t  i n  g e n e r a l  t h e  s u p e r c o o l i n g  
i n c r e a s e s  a s  t h e  a l l o y  c o m p o s i t io n  i n c r e a s e s  from  th e  p u r e  
m e ta l  en ds  o f  t h e  p h a s e  d iag ra m  to w a rd s  t h e  e u t e c t i c ,  o r  
e q u a l l y  a s  t h e  c o n c e n t r a t i o n  d i f f e r e n c e  o f  t h e  s o l v e n t  m e ta l  
be tw ee n  t h e  l i q u i d u s  and th e  s o l i d u s  l i n e s  i n c r e a s e s ,  ( i . e .
f o r  t h e  S b - r i c h  s i d e  o f  t h e  e u t e c t i c  and 21 Cp^ f o r  th e  
P b - r i c h  s i d e  o f  t h e  e u t e c t i c ,  c . f .  F ig .  1 2 ) .  T h is  b e h a v io u r  
i s  o b s e r v e d  f o r  a l l  o f  t h e  a l l o y  sy s te m s  i n v e s t i g a t e d  w i th  
t h e  e x c e p t i o n  o f  t h e  C u - r i c h  s i d e  o f  th e  Ag-Cu sy s tem  and  f o r  
th e  s lo w e r  c o o l i n g  r a t e  f o r  t h e  S n - r i c h  s i d e  o f  th e  Sn-B i 
sy s te m  ( s e e  F i g s .  20 and 1 8 ) .  A lso  f o r  t h e  A l-S n  sy s tem  th e  
s u p e r c o o l i n g  d e c r e a s e s  a s  t h e  Sn c o n c e n t r a t i o n  i n c r e a s e s  u p to  
a p p ro x im a te ly  90wt??Sn. I t  was n o t  p o s s i b l e  t o  o b t a i n  a c c u r a t e  
and c o n s i s t e n t  s u p e r c o o l i n g  d e t e r m i n a t i o n s  f o r  a l l o y s  >  90wt;^Sn 
b e c a u s e  o f  t h e  v e r y  r a p i d  d rop  in  t h e  l i q u i d u s  c u r v e .  The 
p u r e  m e t a l s  and a l l o y s  o f  t h e  S b ( r i c h ) - P b  sy s te m  and S n-B i -  
sy s te m  w ere s o l i d i f i e d  a t  two r a t e s ,  and th e  r e s u l t s  a r e  
shown in  F i g s .  12 arid 18 and -Tablé 5» I n  g e n e r a l ,  an i n c r e a s e d  
c o o l i n g  r a t e  i n c r e a s e s  t h e  o b s e rv e d  S u p e rc o o l in g .
F i g s .  21 , 2 2 , and 23 show th e  r e s u l t s  o f  e l e c t r o n  
m ic ro p ro b e  t r a v e r s e s  a c r o s s  t h r e e  t y p i c a l  p r im a r y  oC-Sn 
c r y s t a l s  i n  S n ( r i c h ) - B i  a l l o y s .  Note t h a t  t h e  Bi c o n c e n t r a t i o n  
i n i t i a l l y  d e c r e a s e s  when moving in w a rd s  from  t h e  g r a i n  b o u n d a ry
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and  t h e n  r i s e s  s i g n i f i c a n t l y  a s  t h e  c e n t e r  o f  t h e  c r y s t a l  i s  
a p p ro a c h e d .
B. SECONDARY SOLIDIFICATION
The o b se rv e d  s u p e r c o o l in g  r e s u l t s  f o r  s e c o n d a ry  p h ase
s o l i d i f i c a t i o n  ( e u t e c t i c )  f o r  v a r i o u s  a l l o y s  a r e  t a b u l a t e d  i n
T a b le  6 , which a l s o  i n c l u d e s  t h e  r e s u l t s  r e p o r t e d  by S u n d q u is t
e t  a l^ ^ ^ )  f o r  l i q u i d  a l l o y  d r o p l e t s  f o r  co m p a riso n  w i th  t h e
p r e s e n t  i n v e s t i g a t i o n .  S u n d q u is t* s  r e s u l t s  were o b t a i n e d  by
m e a su r in g  t h e  d i f f e r e n c e  i n  t h e  s o l i d i f i c a t i o n  an d  e u t e c t i c
t e m p e r a t u r e s .  N ote  t h a t  f o r  m ost a l l o y s  g r e a t e r  s u p e r c o o l in g
o c c u r s  on t h e  s i d e  o f  t h e  e u t e c t i c  w hich  h a s  s t e e p e r  l i q u i d u s .
(26  27)Of t h e  l 9  sy s tem s i n v e s t i g a t e d  by S u n d q u i s t  e t  a l  , o n ly
2 a r e  c o n t r a r y  to  t h i s  o b s e r v a t i o n  ( s i x  a r e  u n c e r t a i n  b e ca u se -  
b o th  l i q u i d u s  l i n e s  h a v e  a p p ro x im a te ly  t h e  same s l o p e ) .  Of t h e  5 
a l l o y  sy s te m s  s t u d i e d  i n  t h e  p r e s e n t  i n v e s t i g a t i o n  (lO h y p o -  
and  h y p e r e u t e c t i c  s y s te m s ) ,  4- a l l o y  sy s te m s  a g r e e  w i th  t h e  
above  o b s e r v a t i o n  and  f o r  t h e  A l-S n  sy s tem  no a c c u r a t e  
d e t e r m i n a t i o n  o f  se c o n d a ry  s u p e r c o o l i n g  on e i t h e r  s i d e  o f . t h e  
e u t e c t i c  c o n c e n t r a t i o n  was p o s s i b l e  f o r  c o m p ar iso n  (b e c a u s e  o f  
t h e  p e c u l i a r  form o f  t h e  e q u i l i b r i u m  d ia g ra m ) .
C. METALLOGRAPHY
F i g s .  2 4 a ,  24b, and 24c show t h e  iç a c r o s . t r u c tu r e s  
(w hich  w ere  g e n e r a l l y  t y p i c a l )  f o r  t h e  Sn-5w t^Pb , Ag-5wt^Cu, 
and  Al-30wt)^Sn i n g o t s  s o l i d i f i e d  i n  p y r e x , q u a r t z  and  g r a p h i t e
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c r u c i b l e s  r e s p e c t i v e l y .  The b o t to m s  o f  t h e  i n g o t s  s o l i d i f i e d  
i n  p y r e x  o r  q u a r t z  c r u c i b l e s  a r e  ro u n d e d ,  c h a r a c t e r i s t i c  o f  
th e  t u b e - l i k e  c o n t a i n e r s  i n  w hich  t h e  a l l o y  m e l t s  were 
p r e p a r e d ,  w h i le  th e  i n g o t s  s o l i d i f i e d  i n  g r a p h i t e  c r u c i b l e s  
have  f l a t  c y l i n d r i c a l ,  b a s e s .  The A l-30w t^Sn  a l l o y  shows a  
c o n s i d e r a b l y  f i n e r  g r a i n  s t r u c t u r e  com pared  to  th e  a l l o y s  
s o l i d i f i e d  i n  th e  p y re x  o r  q u a p tz  c r u c i b l e s  ( p a r t i c u l a r l y  
th e  Ag-^wt^Cu a l l o y ) .  T h is  e f f e c t  m ig h t  be r e l a t e d  t o  a 
h i g h e r  n u c l é a t i o n  p o t e n t i a l  o f  th e  r o u g h e r  g r a p h i t e  c r u c i b l e s  
r e l a t i v e  t o  t h e  sm o o th er  p y re x  o r  q u a r t z  t u b e s ,  a l th o u g h  th e  
a l l o y  c o n s t i t u t i o n  w i l l  a l s o  have  an  e f f e c t  i n  d e te r m in in g  
n u c l é a t i o n  r a t e s .  F ig s  2 j a  and 25b a r e  p h o to m ic ro g ra p h s  o f  
t h e  Ag-30wt^Cu a l l o y  and t h e  Sn-^Dwt^&i a l l o y  r e s p e c t i v e l y .  
Note t h e  h a l o s  o f  s e c o n d a ry  p h a s e s  (A g - r ic h  and B i - r i c h  
r e s p e c t i v e l y ^ ,  s u r r o u n d in g  th e  p r im a r y  ( C u - r i c h  and S n - r i c h  
r e s p e c t i v e l y )  c r y s t a l s .
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Fig. ( 1 0 ) .  Cooling curve for the Pb-30wt"Sn alloy showing primary and 
secondary supercooling.
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F i g . ( 1 1 ) .  Pb-Sb phase diagram showing alloy 
compositions investigated.
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Fig. 1 2 / ,  Primary supercooling vs. liquid a l loy 
composition for  Pb-Sb alloy system.
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F ig .  1 3 . Pb-Sn phase diagram showing alloy 
compositions investigated.
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SnPb 0.4 0.802 0.6
NSn
Fig. l 4 .  Primary supercooling vs. l iquid a lloy 
composition for  Pb-Sn alloy system.
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F ig . 15» A l-S n  p h a se  d iag ra m  show ing a l l o y  
c o m p o s it io n s  i n v e s t i g a t e d .












0.2 OAAl Sn0.6 0.8
NSn
F1g. i 6 .  Primary supercooling vs. liquid alloy 
composition for Al-Sn alloy system.
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F i g .  17. Sn-B i p h a s e  d iag ra m  show ing  a l l o y  
c o m p o s i t io n s  i n v e s t i g a t e d .
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N bi
Fig. 18, Primary supercooling vs. l iquid alloy 
composition fo r  Sn-Bi alloy system.
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F i g .  19. Ag-Cu p h a se  d iag ram  show ing a l l o y  
c o m p o s i t io n s  i n v e s t i g a t e d .












Fig. 20.  Primary supercooling vs. l iquid alloy 
composition for  Ag-Cu alloy system.
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m e ta l
d T /d t
(C /m in) S u p e r c o o l in g ,  C
Sb 30 3 1 , 3 1 , 3 0 . 31
238 7 6 , 8 1 , 8 1 , 76
Pb 55 9 , 10, 10, 10
65 1 8 , 1 8 , 1 8 , 16
Ag 82 1 0 , 1 0 , 1 6 , 16
215 21 , 21 , 21 , 21
Bi 5 14, 16 , 1 5 , 19
40 3 1 . 3 3 , 3 5 , 31
Sn 30 3 3 , 3 3 , 3 4 , 34
34 3 9 , 4 0 , 4 0 , 38
T ab le  5* E f f e c t  o f  c o o l i n g  f a t e  on s u p e r c o o l i n g  
f o r  p u re  m e t a l s .
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System
P rim a ry
N u c le a t in g
Phase
S lope  o f  P r im a ry  
M e ta s ta b le  L iq u id u s  
(C/mole f r a c t i o n )
S eco n d ary  S u p e r c o o l in g  (C)
S u n d q u is t  
e t  a l  (26 )  
be low  e u t e c t i c
P r e s e n t  
I n v e s t i g a t i o n  
below  se c o n d a ry  
l i q u i d u s
Pb-Sn •Pb 350 40 33
Sn 140 0 .2 5 11
Ag-Cu Ag 400 53 2 7 .4
Cu 300 2 9 .0 1 9 .4
Sn-B i Sn 280 1 7 .0 20
Bi 180 6 .0 11
Pb-Sb Pb 500 2 1 ,0 38
Sb 600 6 .0 9
T ab le  6 .  E f f e c t  o f  p r im a r y  p h a s e  on s u p e r c o o l i n g  f o r  n u c l é a t i o n  o f  
s e c o n d a ry  p h a s e s  f o r  ( n e a r )  e u t e c t i c  a l l o y s .
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( a )  Sn-5wt?SPb a l l o y  m e l te d  
i n  p y r e x  c r u c i b l e ,  6x.
. ( b )  A g - 5 w t^ u  a l l o y  m e l te d  
in  q u a r t z  c r u c i b l e ,  6x.
y  ;;
( c )  Al-30wt?5Sn a l l o y  m e l te d  
i n  g r a p h i t e  c r u c i b l e ,  4x,
F ig .  2 4 .  T y p ic a l  p h o to m a c ro g ra p h s  o f  a l l o y s  
m e l te d  i n  d i f f e r e n t  c r u c i b l e s .
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mmmM
K i i s !
( a )  P h o to m ic ro g ra p h  o f  Ag-3 0 wt?^ Cû,.‘.al3,oy^3QPX
(b )  P h o to m ic ro g ra p h  o f  Sn-50w t^B i a l l o y ,  15OX
F ig ,  2 5 . P h o to m ic ro g ra p h s  show ing h a l o s  o f  
s e c o n d a ry  p h a se  a ro u n d  t h e  p r im a r y  
p h a s e .
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V SUPERCOOLING CRITERIA
On t h e  b a s i s  o f  t h e  above r e s u l t s  a g e n e r a l  c r i t e r i o n  
. f o r  s u p e r c o o l i n g  i n  b i n a r y  a l l o y s  c a n  be d e v e l o p e d .  The 
s o l i d i f i c a t i o n  p r o c e s s  may be s e p a r a t e d  i n t o  two s t a g e s  ; 
n u c l é a t i o n  and g r a i n  g ro w th .  I n  t h e  s o l i d i f i c a t i o n  o f  b u l k  
a l l o y  sa m p le s  t h e  ' s u p e r c o o l i n g *  t h a t  i s  o b t a i n e d  f rom  t h e  
c o o l i n g  c u r v e  i s  d e te r m in e d  by b o t h  t h e  n u c l é a t i o n  and g ro w th  
r a t e s :  however ,  s i n c e  t h e  c o o l i n g  c u r v e s  a r e  b a s e d  on h e a t  
e v o l u t i o n  and  w i th d ra w l  r a t e s ,  i t  i s  t h e  r a t e  o f  h e a t  e v o l u t i o n  
d e r i v e d  e s s e n t i a l l y  from c r y s t a l  g r o w th  t h a t  d e t e r m i n e s  t h e  
t im e  when t h e  c o o l i n g  c u r v e  i s  a r r e s t e d  o r  r e v e r s e d ,  and 
hence  t h e  d e g r e e  o f  ' s u p e r c o o l i n g ' .
A. PRIMARY SOLIDIFICATION
F o r  a  r e v e r s a l  o r  an  a r r e s t  o f  t h e  c o o l i n g  c u rv e  t o  
o c c u r  d u r i n g  p r i m a r y  s o l i d i f i c a t i o n ,  t h e  h e a t  o f  t r a n s f o r m a t i o n  
( p e r  u n i t  volume p e r  u n i t  t i m e )  on  f o r m a t i o n  o f  s o l i d  c r y s t a l s  
must  e q u a l  o r  exceed  t h e  r a t e  o f  h e a t  w i t h d r a w a l  r e s u l t i n g  
from t h e  imposed t e m p e r a t u r e  g r a d i e n t s .  The h e a t  o f  
t r a n s f o r m a t i o n  i s  composed o f  t h e  h e a t  o f  s o l i d i f i c a t i o n  on 
p r e c i p i t a t i o n  o f  t h e  p r i m a r y  ( oC ) p h a s e  and a l s o  t h e  c h a n g e s  
i n  t h e  h e a t s  o f  f o r m a t io n  ( m ix in g )  o f  t h e  s o l i d  and l i q u i d  
p h a s e s  due t o  t h e  c o m p o s i t i o n  c h a n g e s  accom panying  f i n i t e  
s o l i d i f i c a t i o n .  However, t h e  l a t t e r  a r e  g e n e r a l l y  s m a l l
-.5 8 —
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com pared  to  t h e  h e a t  o f  s o l i d i f i c a t i o n ,  so t h a t  f o r  a  
r e p r e s e n t a t i v e  u n i t  volume o f  s u p e r c o o le d  l i q u i d  t h e  c r i t e r i o n  
f o r  a r r e s t . o r  r e v e r s a l  o f  t h e  c o o l i n g  c u rv e  may be a p p ro x im a te d  
by
î ü f L  • ^  ^  . Cp , (15)
d t  d t
w here  i s  t h e  l i q u i d  volume t r a n s f o r m e d  to  p r im a r y  s o l i d ,
AHgç i s  t h e  e n th a lp y  o f  s o l i d i f i c a t i o n  ( c a l / c m ^ ) ,  and  Cp i s  
t h e  u n i t  volume (1 c c )  h e a t  c a p a c i t y  ( c a l /  C) o f  t h e  two 
p h a s e  a l l o y  m ix t u r e .
The v a r i a t i o n  o f  and Cp w i th  c o m p o s i t io n  f o r
h y p e r - o r  h y p o e u te c t i c  a l l o y s  w i l l  i n  g e n e r a l  be  s m a l l .  Thus 
f o r  a g iv e n  c o o l i n g  r a t e  i t  w i l l  be p r i m a r i l y  th e  t r a n s f o r m a t i o n  
r a t e  / d t  (w hich  i n c l u d e s  th e  n u c l é a t i o n  and c r y s t a l  g ro w th  
r a t e s  f o r  t h e  p r im a r y  p h a s e )  t h a t  d e te r m in e s  t h e  t e m p e r a tu r e  
( o r  t im e )  when a r r e s t  o r  r e v e r s a l  o f  t h e  c o o l i n g  c u rv e  o c c u r s  
f o r  a s p e c i f i c  a l l o y  c o m p o s i t io n .
F i r s t  we c o n s i d e r  t h e  n u c l é a t i o n  s t a g e  o f  t h e
s o l i d i f i c a t i o n  p r o c e s s .  N u c lé a t i o n  i n  b u lk  sa m p le s  o f  m e ta l s
j
and a l l o y s  i s  g e n e r a l l y  h e te r o g e n e o u s  i n  n a t u r e .  I f  t h e  
d e n s i t y  o f  p r e f e r r e d  n u c l é a t i o n  s i t e s  i n  th e  l i q u i d  i s  N, 
t h e  f r a c t i o n  N t h a t  become n u c l e i  a t  a  s p e c i f i c  s u p e r c o o l i n g  
t e m p e r a tu r e  i s  g iv e n  by an e q u a t io n  o f  th e  fo rm ^ ^ l )
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Oi v N ^  exp
kT
. (1 6 )
w here V i s  th e  jump o r  c o l l i s i o n  f r e q u e n c y  .o f an  atom  w ith  
a  c r i t i c a l - s i z e d  em bryo, f (0)  i s  a  te rm  to  c o r r e c t  f o r  th e  
e f f e c t  o f  t h e  s u b s t r a t e  ( c r u c i b le  w a l l ,  e t c . ) ,  th ro u g h  th e  
c o n ta c t  a n g le  0 , on th e  r a d i u s  o f  c u r v a tu r e  o f  an oc em bryo, 
and i s  th e  G ibbs f r e e  e n e rg y  o f  fo rm a t io n  o f  a  c r i t i c a l ­





Y and A G y  i n  e q . (1?) a r e  th e  s o l i d - l i q u i d  i n t e r f a c i a l  e n e rg y  p e r  
u iita re a  and th e  G ibbs f r e e  e n e rg y  change p e r  u n i t  volum e f o r  
s o l i d  fo rm a t io n  r e s p e c t i v e l y .  F o r s o l i d i f i c a t i o n  o f  a  
s u p e rc o o le d  l i q u i d ,  p ro v id e d  th e  s u p e r c o o l in g  i s  n o t  to o  
l a r g e ,  A Gy i n  e q . (17) i s  g iv e n  by
(18)
w here ( ASe^ ) i s  th e  e n tro p y  change p e r  u n i t  volume f o r  th e
■ Ts o l i d i f i c a t i o n  p r o c e s s  (S -  S ) ,  and AT©; i s  th e  s u p e rc o o l in g .  
The d e r i v a t i o n  o f  AS i s  g iv e n  i n  A ppend ix  I ,
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F o r  c a p - s h a p e d  em bryos on a  f l a t  s u b s t r a t e  t h e  c o n t a c t  
a n g le  f u n c t i o n  i n  e q ,  ( l 6 ) h a s  t h e  f o r m ( 9 )
f ( e )  = g.--‘....39P.se ± C9,s3e _ (19)
4
Eq. (1‘9)shows t h a t  t h e  s u b s t r a t e  i n c r e a s e s  i t s  n u c l é a t i o n  
p o t e n t i a l  a s  t h e  c o n t a c t  a n g l e  a p p r o a c h e s  z e r o ,  i . e .  a s  t h e  
" w e t a b i l i t y "  o f  t h e  s u b s t r a t e  by t h e  n u c l e u s  i n c r e a s e s .
The w e t a b i l i t y  i s  s t r o n g l y  d e p e n d e n t  on t h e  c r y s t a l l o g r a p h i c  
o r i e n t a t i o n s  o f  t h e  n u c l e u s  and s u b s t r a t e  a t  t h e i r  common 
i n t e r f a c e .  The thermodynamic  p r o p e r t i e s  AGy, 
and e a p p e a r i n g  i n  t h e  f o r e g o i n g  e q u a t i o n s  a r e  a l l  s i z e  
d e p e n d e n t .  However, b e c a u s e  o f  t h e  o b v io u s  d i f f i c u l t y  i n  
d e t e r m i n i n g  t h i s  d ep endency  ( f o r  an e m b r y o - s i z e d  s y s te m ) ,  
b u l k  p r o p e r t i e s  a r e  u s e d ,  and f o r  t h i s  r e a s o n  t h e  t h e o r y  
i s  f r e q u e n t l y  c r i t i c i z e d  a s  i n a d e q u a t e .
I t  i s  r e a s o n a b l e  t o  assume t h a t  once  an embryo 
a t t a i n e d  t h e  c r i t i c a l  s i z e  i t  w i l l  n u c l e a t e  im m e d ia te ly  
b e c a u s e  o f  t h e  abundance  o f  s o l v e n t  and s o l u t e  a toms i n  
d i r e c t  c o n t a c t  w i t h  t h e  embryo s u r f a c e ,  (w hich  a s s u r e s  t h e  
a b s o r p t i o n  o f  t h e  s u r f a c e  atom by t h e  c r i t i c a l - s i z e d  embryo) .  
T h is  assum es  t h a t  t h e  t r a n s f o r m a t i o n  p r o c e s s  i s  e s s e n t i a l l y  
i n d e p e n d e n t  o f  t h e  n u c l é a t i o n  r a t e  , w h ich  i s  f a s t  and 
n o t  r a t e  c o n t r o l l i n g .  I f  t h i s  a s s u m p t io n  i s  v a l i d ,  t h e n  
f o r  a  g i v e n  d e g r e e  o f  s u p e r c o o l i n g  t h e  number  o f  p r e f e r r e d
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( 2 0 )
S u b s t i t u t i n g  e q s .  (1 ? )  and  (1 8 )  i n t o  (20 )  g i v e s
% exp f ( 8 )
kT(AS«)2(AToc)2
, (21 )
w here k^ co m bines  a l l  o f  th e  n u m b e r ic a l  c o n s t a n t s  a p p e a r in g  
i n  t h e  above e q u a t i o n s .  Eq. (21) shows t h a t  Iilp< i s  s t r o n g l y  
d e p e n d e n t  on , and Vg-j^
Once n u c l e a t e d ,  t h e  d r i v i n g  f o r c e  f o r  t h e  g ro w th  o f  
t h e  c r y s t a l s  i n  t h e  s u p e r c o o le d  l i q u i d  a l l o y  w i l l  be  th e  
c h e m ic a l  p o t e n t i a l  g r a d i e n t  i n  t h e  l i q u i d  a t  t h e  c r y s t a l  
s u r f a c e s ,  and th e  g ro w th  r a t e  w i l l  be c o n t r o l l e d  by  th e  
d i f f u s i o n a l  t r a n s p o r t  o f  t h e  s o l v e n t  a tom s to  t h e  c r y s t a l  
s u r f a c e .  Assum ing t h e  m ost g e n e r a l  c a s e  o f  s p h e r i c a l  g ro w th  
o f  th e  n u c l e i ,  t h e  g ro w th  r a t e  o f  t h e  oc p h a s e  i s  g iv e n  by
dV
d t-
N, . 4 ï ïr2 d r
d t
(2 2 )
w here i s  g iv e n  by e q .  (21) and d r / d t  i s  t h e  r a d i a l  g row th  
r a t e  o f  t h e  c r y s t a l s .  F o r  d i f f u s i o n  c o n t r o l l e d  g ro w th ,  
a ssu m in g  l o c a l  e q u i l i b r i u m  c o n d i t i o n s  a r e  e s t a b l i s h e d  a t  
t h e  c r y s t a l - l i q u i d  i n t e r f a c e s ,  d r / d t  may be  e x p r e s s e d  by
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Ü  p A - ;  . (23)
fA  -  fA , . , •
w here  i s  t h e  r a d i a l  ( a to m ic )  f l u x  o f  s o l v e n t  a tom s ( e . g .  
com ponent A i n  F i g .  (26)) i n  th e  l i q u i d  to  t h e  i n t e r f a c e  o f  
t h e  g ro w in g  c r y s t a l ,  and t h e  s o l v e n t  atom  d e n s i t i e s
i n  t h e  p r im a r y  s o l i d  and l i q u i d  p h a s e s  r e s p e c t i v e l y  a t  t h e  
s u p e r c o o le d  t e m p e r a tu r e  (T g ) .  D u r in g  th e  e a r l y  s t a g e s  o f  
g ro w th  a, c o n c e n t r a t i o n  p r o f i l e  c o r r e s p o n d in g  to  t h e  im posed 
s u p e r c o o l i n g  w i l l  be  e s t a b l i s h e d  a s  shown i n  F i g .  2 ? .
A c o n s i d e r a t i o n  o f  th e  s o l v e n t  mass b a la n c e  shows t h a t  t h e  
sh a d e d  a r e a s  i n  t h e  s o l i d  and l i q u i d  m ust be e q u a l  and 
r e p r e s e n t  t h e  d i f f u s i o n a l  c o n t r i b u t i o n  to  t h e  g ro w th  o f  th e  
p r i m a r y  p h a s e .  I t  i s  e v i d e n t  t h a t  t h e  r a t e  o f  ad v an c e  o f  
t h e  o c - l i q u i d  i n t e r f a c e  ( i . e .  d r / d t )  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  (p^  - p ° )  o r  AC^(=C^ -  C ° ) ,  and t h a t  a s  AC^ -*-0, -  0 ,
s i n c e  i n  th e  l i m i t  A C^ =0 • (p u re  A) no d i f f u s i o n a l  t r a n s p o r t  
i s  r e q u i r e d  f o r  g ro w th  o f  t h e  p r im a r y  p h a se  d u r i n g  
s o l i d i f i c a t i o n .  A lso ,  f o r  s i m p l i f i c a t i o n  i t  may r e a s o n a b l y  
be assum ed t h a t  due to  l i q u i d  c o n v e c t io n  a  d i f f u s i o n  l a y e r  
o f  c o n s t a n t  t h i c k n e s s  ( S ) w i l l  d e v e lo p  and be m a in t a in e d  
a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  d u r i n g  c r y s t a l  g ro w th .  Thus 
t h e  r a d i a l  f l u x  i s  g iv e n  by
jL  .  . (2 4 )




F i g .  2 6 .
•%A
E u t e c t i c  p h a s e  d i a g r a m  s h o w i n g  t y p i c a l  t e m p e r a t u r e -  
c o m p o s i t i o n  r e l a t i o n s h i p  f o r  p r i m a r y  s u p e r c o o l i n g .
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C %  ( T s ) ,  p “ C T s l
Liquid
C a (Ts)
A  . ' I
-»>r
F i g ,  2 7 . C o n c e n t r a t i o n  p r o f i l e  i n  s u p e r c o o le d  l i q u i d  
a l l o y  d u r i n g  g ro w th  o f  p r im a r y  p h a s e .
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w here G^° and C ^^(Tg) a r e  t h e  c o n c e n t r a t i o n s  f o r  t h e  s o l v e n t  
m e ta l  i n  t h e  b u lk  and i n t e r f a c i a l  l i q u i d  r e s p e c t i v e l y  a t  
t h e  s u p e r c o o le d  t e m p e r a tu r e ,  and  D i s  th e  l i q u i d  d i f f u s i v i t y .  
R e f e r r i n g  t o  P i g .  2 6 ,  i t  i s  e v i d e n t  t h a t
( c /  -  c / ( T g ) )  c* AT« . (2 5 )
SO t h a t  t h e  r a d i a l  g row th  v e l o c i t y ,  e q .  (23), becomes
(2 6 )
F o r  c o n d i t i o n s  o f  no i n t e r a c t i o n  o f  n u c l e i  and 
c o n s t a n t  d i f f u s i o n  l a y e r  t h i c k n e s s  d r / d t  w i l l  be c o n s t a n t  
so t h a t
r  = t  . d r / d t  , (2 ? )
where  t  i s  t h e  t im e  a f t e r  n u c l é a t i o n .  S u b s t i t u t i n g  e q s .  
^ 1 ) ,  & 2), and (2 7 )  i n t o  (15 ) g i v e s  f o r  t h e  s u p e r c o o l i n g  
c r i t e r i o n  f o r  p r im a r y  s o l i d i f i c a t i o n
k T ( A S * ) 2 C A % * ) 2
AT,
A C I
. . Cp, (28 )
' d t
w here  k ^ i s  an  a p p r o p r i a t e  p r o p o r t i o n a l i t y  c o n s t a n t .
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B. SECONDARY SOLIDIFICATION
S eco ndary  sdUdlflcatloin ' r e f e r s  to  th e  o n s e t  o f  t h e  
e u t e c t i c  s o l i d i f i c a t i o n  a f t e r  p r im a r y  p h a se  g ro w th  h as  
p r o g r e s s e d  below  th e  e u t e c t i c  t e m p e r a t u r e .  The a r r e s t  o r  
r e v e r s a l  o f  t h e  c o o l i n g  c u rv e  w i l l  o c c u r  o n ly  i f  t h e  r a t e  
o f  h e a t  e v o l u t i o n  on s o l i d i f i c a t i o n  o f  t h e  s e c o n d a ry  p h a s e s  
e x c e e d s  t h e  r a t e  o f  h e a t  w i th d ra w a l .
I t  h a s  been  shown by S u n d q u is t  e t  a l(2 6 #  ^ 7 )  t h a t  
n u c l é a t i o n  and g ro w th  o f  th e  c o m p lim e n ta ry  p h a se  o n to  
m e t a s t a b l e  p r im a r y  p h a s e  s u b s t r a t e  i s  e s s e n t i a l  f o r  th e  
o n s e t  o f  e u t e c t i c  s o l i d i f i c a t i o n .  D uring  th e  g row th  o f  
t h e  m e t a s t a b l e  p r im a ry  p h a s e ,  t h e  c o m p o s i t io n s  o f  th e  s o l i d  
and l i q u i d  p h a s e s  a r e  assum ed to  move down a lo n g  t h e  e x te n d e d  
s o l i d u s  and l i q u i d u s  l i n e s  f o r  t h e  a l l o y  system  ( se e  F i g .  2 8 ) .  
When t h e  s u p e r s a t u r a t i o n  becomes c r i t i c a l  th e  s e c o n d a ry  p h a se  
( e . g .  p ) i s  n u c l e a t e d  on th e  p r im a r y  (oC) s u b s t r a t e  and w i l l  
r a p i d l y  grow i n  th e  s u p e r c o o le d  l i q u i d ,  moving th e  l i q u i d  
c o m p o s i t io n  b ack  to w a rd s  e u t e c t i c .  At some t e m p e r a tu re  and- 
c o m p o s i t io n  be low  e u t e c t i c ,  s e c o n d a ry  ot p h a se  n u c l e a t e s  on 
t h e  p p h a se  ( o r  t h e  o r i g i n a l  p r im a r y  ec now b e g in s  to  grow 
a s  s e c o n d a ry c c )  and th e  r e m a in in g  l i q u i d  th e n  s o l i d i f i e s  
e u t e c t i c a l l y  by  c o u p le d  g ro w th  o f  b o th  s e c o n d a ry  p h a s e s .
I f  s e c o n d a ry  s u p e r c o o l i n g  i s  l a r g e ,  a  c o n s i d e r a b l e  amount 
o f  s e c o n d a ry  p h a s e  may f i r s t  p r e c i p i t a t e  a round  th e  p r im a ry  
c r y s t a l s  i n  th e  form  o f  h a l o s b e f o r e  th e  e u t e c t i c  s t r u c t u r e
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Fig. .28, Eutectic phase diagram showing typical  temperature- 
composition rela tionships for  secondary supercooling.
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d e v e l o p s .  The m ic ro  s t r u c t u r e  o f  t h e  A g - 3 0 w t^ u  a l l o y  
( F i g .  2 5 a )  shows h a lo s  o f  s e c o n d a ry  A g - r i c h  p h ase  ( w h i t e )  
s u r r o u n d in g  and s e p a r a t i n g  th e  p r im a r y  ( C u - r i c h )  c r y s t a l s  
( d a r k )  from  t h e  e u t e c t i c  m a t r ix .
The h e a t  f lo w  b a l a n c e  p ro b le m  i s  somewhat more
c o m p l i c a te d  f o r  s e c o n d a ry  solidification th a n  t h e  c a s e  f o r
p r im a r y  n u c l é a t i o n  and g row th  b e c a u s e  t h r e e  p h a s e s  may be
p r e c i p i t a t i n g  : primaryoC. p s e c o n d a ry  p  (w h ich  may grow a s
a  h a lo  a ro u n d  t h e  p r i m a r y ) ,  and c o u p le d  g ro w th  o f  t h e
s e c o n d a ry  p h a s e s  % and p , a l l  r e l e a s i n g  h e a t s  o f  f o r m a t io n .
However, some r e a s o n a b l e  a s s u m p t io n s ,  b a s e d  on th e  o b s e rv e d
c o o l i n g  c h a r a c t e r i s t i c s  and m i c r o - s t r u c t u r e  o f  t h e  a l l o y s ,
p e r m i t  a  c o n s i d e r a b l e  s i m p l i f i c a t i o n  o f  t h e  p ro b lem .
F i r s t l y ,  t h e  c o o l i n g  r a t e  ( d T /d t )  t h a t  i s  e s t a b l i s h e d  j u s t
p r i o r  to  r e v e r s a l  o f  t h e  c o o l i n g  c u rv e  i n c l u d e s  t h e  r a t e  o f
h e a t  e v o l u t i o n  due t o  m e t a s t a b l e  g ro w th  o f  t h e  p r im a ry
p h a s e  («.). I t  may be assum ed t h a t  g ro w th  o f  t h e  p r im a r y
p h a s e  w i l l ,  f o r  t h e  m ost p a r t ,  c o n t i n u e  d u r i n g  n u c l é a t i o n  .
and  g ro w th  o f  t h e  s e c o n d a ry  p p h a s e .  Growth o f  p r im a ry
m u st n e c e s s a r i l y  s to p  a t  p o i n t s  w here p h a s  n u c l e a t e d ,  b u t
even  h e re  i f  p g ro w th  i s  l a r g e l y  o u tw a rd s  r a t h e r  t h a n
c i r c u m f e r e n t i a l  (a ro u n d  t h e  ot p h a s e ) ,  g ro w th  o f  oc w i l l  n o t
be  c o m p l e t e ly  s to p p e d  a t  a l l  p o i n t s  o f  a  c r y s t a l  s u r f a c e .
S e c o n d ly ,  we s h a l l  assum e t h a t  t h e  r e v e r s a l  i n  t h e  c o o l i n g  
/
c u rv e  i s  e s s e n t i a l l y  t h e  r e s u l t  o f  t h e  su d d en  and r a p i d
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g ro w th  o f  t h e  s e c o n d a ry  p h a se  (p )  p r i o r  t o  c o u p le d  e u t e c t i c  
g ro w th .  T h is  would c e r t a i n l y  be t h e  c a s e  f o r  th o s e  a l l o y s  
w hich  show s u b s t a n t i a l  h a l o s  a ro u n d  t h e  p r im a r y  c r y s t a l s .  
C l e a r l y  f o r  c o u p le d  g ro w th ,  t h e  s o l i d i f i c a t i o n  r a t e  w i l l  
be a c c e l e r a t e d  by  l a t e r a l  d i f f u s i o n  i n  t h e  l i q u i d  be tw een  
t h e  l a m e l l a e  a t  th e  s o l i d - l i q u i d  i n t e r f a c e ,  b u t  volume 
d i f f u s i o n  and t h e  a s s o c i a t e d  c o n c e n t r a t i o n  g r a d i e n t s  i n  th e  
l i q u i d  ah ea d  o f  th e  l a m e l l a e  w i l l  s t i l l  be  a  s i g n i f i c a n t  
f a c t o r  i n  d e te r m in in g  t h e  r a t e  o f  l a m e l l a e  g ro w th .
Based on th e  above a s s u m p t io n s  t h e  g e n e r a l  c r i t e r i o n  
f o r  a r r e s t  o r  r e v e r s a l  o f  t h e  c o o l i n g  c u rv e  f o r  s e c o n d a ry  
s o l i d i f i c a t i o n  may be a p p ro x im a te d  by
dVo dT
—T— . a h a  yy —  . Cp , ( 2 9 )
d t  d t
w here V .^ i s  t h e  volume o f  p fo rm ed , i s  t h e  h e a t  e v o lv e d
( c a l  /cm ^) on f o r m a t io n  o f  p  p h a s e ,  Cp i s  t h e  u n i t  volume 
h e a t  c a p a c i t y  ( c a l s /  C) o f  t h e  a l l o y  m ix t u r e ,  and d T /d t  i s  
t h e  o v e r a l l  c o o l i n g  r a t e .
A na logous to  p r im a r y  n u c l é a t i o n  th e  num ber o f  
n u c l e i  fo rm in g  on th e  oc s u b s t r a t e  may be a p p ro x im a te d  by
Np oi Np, exp
k T ( / \ S p ) Z (  A T p )‘
(3 0 )
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where Wp r e p r e s e n t s  th e  num ber o f  t h e  p r e f e r r e d  n u c l é a t i o n  
s i t e s  f o r  p on t h e  ot s u b s t r a t e .  A l l  o t h e r  te rm s  a r e  a s  
d e f i n e d  f o r  t h e  p r im a r y  n u c l é a t i o n  c a s e ,  e x c e p t  now' p  i s  
th e  n u c l e a t i n g  p h a s e .  A gain , a s  f o r  p r im a ry  n u c l é a t i o n ,  
i t  w i l l  be assum ed t h a t  a l l  p r e f e r r e d  n u c l é a t i o n  s i t e s  
become a c t i v e  more o r  l e s s  s im u l t a n e o u s ly .  Thus t h e  r a t e  
o f  p f o r m a t io n  i s  g iv e n  by
(? ) = Npl ( - V  ■\ a P b / (31)g row th
The cube  power i n  eq .  (31) can  be r e p l a c e d  by ' n '  t o  
accommodate modes o f  g ro w th  o t h e r  th a n  s p h e r i c a l .  A Cg i s  
th e  c o m p o s i t io n  d i f f e r e n c e  b e tw een  th e  s o l i d u s  and l i q u i d u s  
in  t h e  m e t a s t a b l e  r e g i o n  ( s e e  F i g .  (2 8 ) .  Com bining e q s .  
(2 9 ) ,  (3 0 ) and (3 1 ) g i v e s  f o r  th e  s u p e r c o o l in g  c r i t e r i o n  
f o r  s e c o n d a ry  s o l i d i f i c a t i o n
exp ^3 ^S L
kT(^Sp)2(A Tp)'
AT dT
A O , ;  •
. Cp, (32)
where k^ and k;^ a r e  a p p r o p r i a t e  p r o p o r t i o n a l i t y  c o n s t a n t s ,
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Eq. (28) shows t h a t  th e  p r im a ry  t r a n s f o r m a t i o n  r a t e  
d e p en d s  on th e  c o m p o s i t io n  d i f f e r e n c e  (AC^) and  th e  
s u p e r c o o l i n g  (a t ) .  Assuming a  c o n s t a n t  c o o l i n g  r a t e  f o r  
a  s e r i e s  o f  a l l o y s  ( e i t h e r  h y p o -o r  h y p e r e u t e c t i c )  and 
c o n s i d e r i n g  c r y s t a l  g ro w th  a l o n e ,  an i n c r e a s e  i n  AC^ m ust 
be  accom pan ied  by  a  c o r r e s p o n d in g  i n c r e a s e  i n  AT t o  s a t i s f y  
t h e  c r i t e r i o n  f o r  r e v e r s a l  o f  t h e  c o o l i n g  c u r v e ,  i . e .  a s  th e  
a l l o y  c o m p o s i t io n  a p p ro a c h e s  e u t e c t i c  t h e  d e g re e  o f  ' s u p e r c o o l i n g '  
i n c r e a s e s .  T h is  i s  i n  g e n e r a l  a g re em e n t  w i t h . t h e  s u p e r c o o l i n g  
r e s u l t s  o b t a i n e d  i n  t h i s  i n v e s t i g a t i o n  f o r  a l l  sy s te m s  w i th  
t h e  e x c e p t i o n  o f  t h e  C u ( r ic h ) - A g  a l l o y s  ( F ig .  2 0 )  and th e  
s u p e r c o o l i n g  o b t a i n e d  a t  t h e  s lo w e r  c o o l i n g  r a t e  f o r  th e  
S n ( r i c h ) - B i  a l l o y s  ( P ig .  1 8 ) .  F o r  s e v e r a l  a l l o y  sy s te m s  th e  
s u p e r c o o l i n g  v s .  c o m p o s i t io n  c u rv e s  i n i t i a l l y  d e c r e a s e  and 
th e n  r e v e r s e  t o  i n c r e a s e  a s  t h e  c o m p o s i t io n  i n c r e a s e s  to w a rd s  
e u t e c t i c .  T h is  i s  o b s e rv e d  f o r  t h e  S b ( r i c h ) - P b ,  S n ( r ic h ) -P l3 ,  
A l ( r i c h ) “ Sn, and t h e  B i ( r i c h ) - S n  a l l o y  s y s te m s .  T h is  i s  i n  
a g re e m e n t  w i th  th e  s u p e r c o o l i n g  b e h a v io u r  r e p o r t e d  by  Holloman 
and T u r n b u l l (9 )  f o r  b o th  P b ( r i c h )  and  S n ( r i c h )  a l l o y s  o f  th e  
Pb-Sn a l l o y  sy s te m . We p ro p o s e  t h a t  t h i s  phenomenon ( i n i t i a l  
d e c r e a s e  i n  s u p e r c o o l i n g  w i th  i n c r e a s e  i n  a l l o y  c o n c e n t r a t i o n )  
i s  a  n u c l é a t i o n  e f f e c t  i n  t h e  t r a n s f o r m a t i o n  p r o c e s s .  Eq, (21 )
- 7 2 -
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shovvs t h a t  t h e  number o f  n u c l é a t i o n  s i t e s  t h a t  become a c t i v e  
i s  s t r o n g l y  d e p e n d e n t  on t h e  : a b s o l u t e  en tropy ,  o f  f o r m a t i o n  o f  t h e  
p r i m a r y  c r y s t a l s  | a S oc|> As t h e  a l l o y  c o m p o s i t i o n  i n c r e a s e s  
(and th e  l i q u i d u s  t e m p e r a t u r e  d e c r e a s e s ) ,  t h e  m o la r  e n t r o p i e s  
o f  t h e  component  e l e m e n t s  d e c r e a s e ,  which d e c r e a s e  th e  
e n t r o p i e s  f o r  t h e  l i q u i d  and s o l i d  p h a s e s .  However,  t h e  
e n t r o p y  o f  m ix in g  ( p o s i t i v e )  i s  a  s i g n i f i c a n t  c o n t r i b u t i o n  
t o  t h e  e n t r o p y  o f  f o r m a t i o n  f o r  t h e  ] i q u i d  a l l o y ,  and i t  
t e n d s  t o  i n c r e a s e  a t  l o w e r  a l l o y  c o n c e n t r a t i o n s .  F o r
exam ple ,  t h e  ( n e g a t i v e )  i n c r e a s e  o f 'A S  - w i t h - l i q u i d  a l l o y  c o m p o s i t i o n  
i s  e v i d e n t  i n  F i g s ,  29 t o  33 ,  w h ich  show t h e  e n t r o p y  o f  
f o r m a t i o n  v s .  c o m p o s i t i o n  f o r  t h e  p r i m a r y  p h a s e s  o f  th e  f i v e  
a l l o y  sy s te m s  i n v e s t i g a t e d  ( c a l c u l a t e d  from t h e  thermodynamic  
d a t a  o f  H u l t g r e n  e t  a l ) , see  Appendix  I ) ,  I n  p a r t i c u l a r ,  . 
n o t e  t h e  c l o s e  c o r r e s p o n d e n c e  o f  d e c r e a s i n g  s u p e r c o o l i n g  and 
i n c r e a s i n g  A S f o r  Al-Sn a l l o y s  a s  t h e  t i n  c o n c e n t r a t i o n  
i n c r e a s e s  up to  ro  0 , 5 .  The l a r g e  i n c r e a s e  o f  jASojJ
w i t h  t i n  c o n c e n t r a t i o n  i s  t h e  r e s u l t  o f  th e  r e l a t i v e l y  l a r g e  
e n t r o p y  o f  m ix in g  f o r  a l l o y s  o f  t h e  Al-Sn s y s t e m ' -  a  maximum 
o f - a p p r o x i m a t e l y  2 . 4  e , u .  ( a t  = 0 . 5 )  compared to  a maximum 
o f  a p p r o x i m a t e l y  1 , 6  e . u .  f o r  t h e  o t h e r  a l l o y  sy s te m s  ( s e e  
f i g s .  3^-J- to  3 8 ) .  The e f f e c t  o f  i n c r e a s i n g  | A S%| i s  to  i n c r e a s e  
t h e  number o f  p r e f e r r e d  n u c l é a t i o n  s i t e s  t h a t  become a c t i v e ,  
and t h u s  f o r  a  s p e c i f i c  c o o l i n g  r a t e  t h e  o v e r a l l  t r a n s f o r m a t i o n  , 
r a t e  i s  i n c r e a s e d ,  r e s u l t i n g  i n  a  h i g h e r  t r a n s f o r m a t i o n  r a t e
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P i g .  2 9 . E n tro p y  o f  f o r m a t io n  f o r  p r im a ry  p h a s e s  a t  
l i q u i d u s  t e m p e r a t u r e s  f o r  t h e  Pb-Sb a l l o y  
sy s te m .
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( f i )  phase
UJ
Pb -  rich (flc)phase
.6.4 8 Sn.2Pb
NSn
F ig .  30 . E n tro p y  o f  f o r m a t io n  f o r  p r im a ry  p h a s e s  
a t  l i q u i d u s  t e m p e r a tu r e s  f o r  t h e  Pb-Sn 
a l l o y  sy s tem .
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A l-  rich Cot) phase
Sn
NSi
P i g .  31 . E n tro p y  o f  f o r m a t io n  f o r  p r im a r y  A l ( r i c h )  
p h a s e  a t  l i q u i d u s  t e m p e r a t u r e s  f o r  t h e  
A l-S n  a l l o y  sy s te m .
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- r ic h  ( j j )  phase4






F ig .  32 . E n tro p y  o f  fo rm a t io n  f o r  p r im a ry  p h a s e s  a t  
l i q u i d u s  te m p e r a tu re s  f o r  th e  S n -B l a l l o y  
sy s te m .










C u -r ic h  (/3)phase
A g - rich ( « ) phase2
F lg .  33» E n tro p y  o f  fo rm a tio n  f o r  p r im a ry  p h a s e s  a t  
l i q u i d u s  te m p e ra tu re s  f o r  Ag-Cu a l l o y  
sy s te m .
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F ig .  3 4 . E n tro p y  o f  m ix in g  , _ _
Pb-Sb a l l o y s  a t  9 0 0 ° k ( 4 2 )
(AsM) f o r  l i q u i d  
O O k(42) .








-2 •4 .6 .8Pb Sn
NSn
P ig .  3 5 . E n tro p y  o f  m ix in g  (aS ^ I f o r  l i q u i d  
Pb-S n  a l l o y s  a t  :ÿbO .








F ig ,  3 6 , E n tro p y  o f  m ix in g  f o r  l i q u i d  A l-S n
a l l o y s  a t  lOOQOKv^z;,
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F ig .  3 7 . E n tro p y  o f  m ix ing^  f o r  l i q u i d  Sn-B i
a l l o y s  a t  6 o8 °k (^ ^  K







•6 .8 Cu.2 •4
N,Cu
P ig ,  3 8 , E n tro p y  o f  m ix in g  f o r  l i q u i d  Ag-Cu
a l l o y s  a t  l400O K l42 ),
(
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and a  c o r r e s p o n d in g ly  lo w e r  " s u p e r c o o l in g ” a s  d e te rm in e d  by 
th e  r e v e r s a l  o f  th e  c o o l in g  c u rv e .
The n u c lé a t i o n  e f f e c t  i s  n o t  s i g n i f i c a n t  f o r  th e  
h ig h e r  c o n c e n t r a t io n  a l l o y s  ( i . e .  a s  th e  e u t e c t i c  c o n c e n t r a t i o n  
i s  a p p ro a c h e d ) , s in c e  AT a p p e a rs  to  i n c r e a s e  a p p ro x im a te ly  
l i n e a r l y  w ith  T h is  s u g g e s ts  t h a t  a  minimum p r o d u c t  f o r
( A S o( ) ( ATçt ) i s  r e q u i r e d  to  a c t i v a t e  a l l  o f  th e  p r e f e r r e d  
n u c l é a t i o n  s i t e s  , a f t e r  w hich  th e  t r a n s f o r m a t io n  r a t e  c an  
be in c r e a s e d  o n ly  th ro u g h  c r y s t a l  g ro w th , i . e .  th ro u g h  an 
in c r e a s e d  a To( . Where t h e r e  i s  no te n d e n c y  f o r  th e  s u p e r c o o l in g  
v s .  c o m p o s it io n  c u rv e  to  i n i t i a l l y  d e c r e a s e  a t  low  c o n c e n t r a t i o n s  
( P b ( r ic h ) - S n  and A g ( r ic h ) -C u  a l l o y s  d e f i n i t e l y  show t h i s  
b e h a v io u r ) ,  t h i s  m ig h t be  a t t r i b u t e d  to  th e  p re s e n c e  o f  a  
h ig h ly  e f f e c t i v e  n u d e  a n t  t h a t  i s  r e l a t i v e l y  i n s e n s i t i v e  to  
c h a n g e s  in  AS o r  AT (beyond some minimum v a lu e ) .  No s u p e r c o o l in g  
r e s u l t s  w ere o b ta in e d  f o r  th e  c o p p e r - r i c h  a l l o y s  b e c a u se  o f  
t h e i r  tro u b le so m e  te n d e n c y  to  o x i d a t i o n .  .
A cco rd in g  to  e q . (2 8 ) an  i n c r e a s e  in  c o o l in g  r a t e  
m ust c o r r e s p o n d in g ly  i n c r e a s e  th e  s u p e r c o o l in g  ( a l l  o t h e r  
f a c t o r s  b e in g  e q u a l ) .  T h is  i s  in  a g re em e n t w ith  th e  r e s u l t s  
o b ta in e d  f o r  th e  p u re  m e ta ls  ( s e e  T ab le  5 ) and a ls o  f o r  th e  
S b ( r ic h ) - P b  and B i ( r i c h ) - S n  a l l o y s  ( s e e  F ig s .  12 and 1 8 ) .
F o r  th e  S n ( r i c h ) - B i  sy s te m , o n ly  th e  n e a r - e u t e c t i c  c o m p o s it io n  
a l l o y s  s a t i s f y  t h i s  b e h a v io u r .  The work o f  Jubb  and W i n e g a r d ) 
on s u p e r c o o l in g  o f  z o n e - r e f in e d  t i n  i s  in  a g re em e n t w i th  th e
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above  c r i t e r i o n .  The above a u th o r s  r e p o r t  a  maximum 
s u p e r c o o l in g  22C f o r  a  c o o l in g  r a t e  o f  ^ 2 C /r a in ,  com pared 
w i th  34c a t  <^30C /m in , o b ta in e d  i n  t h i s  i n v e s t i g a t i o n .
I n  d e v e lo p in g  th e  above  c r i t e r i a  i t  was assum ed t h a t  
th e  g ro w th  p r o c e s s  r e q u i r e s  some s u p e r c o o l in g  to  d e v e lo p  th e  
•n e c e s s a ry  c h e m ic a l p o t e n t i a l  ( c o n c e n t r a t i o n )  g r a d i e n t s  in  
th e  l i q u i d  (se e  P ig .  2 6 ) ,  I f  t h i s  i n  f a c t  o c c u r s ,  th e n  t h i s  
r e q u i r e s  t h a t  th e  f i r s t  s o l i d  n u c l e a t i n g  m ust have a  h ig h e r  
s o l u t e  ( lo w e r  s o l v e n t )  c o n c e n t r a t i o n  th a n  th e  e q u i l ib r iu m  
c o n c e n t r a t i o n .  The r e s u l t s  o f  th e  e le c t r o n ,  m ic ro p ro b e  
t r a v e r s e s  a c r o s s  s e v e r a l  oC-Sn c r y s t a l s  in  th e  S n ( r i c h ) - B i  a l l o y  
s a m p le s ( s e e  F ig s ,  21 to  2 3 ) s u p p o r t  t h i s  a s s u m p tio n , w hich 
i s  c o n s i s t e n t  w ith  th e  l o c a l  e q u i l ib r iu m  r e q u ir e m e n t  f o r  
n o n - e q u i l ib r iu m  m a c r o s t a t e s .  In  ag re em e n t w ith  t h e  above 
o b s e r v a t io n ,  Bham bri and K a t t a m i s ) r e p o r t  a  h ig h e r  Zn 
c o n c e n t r a t i o n  a t  th e  c e n t e r  o f  a  p r im a ry  c r y s t a l  i n  a  c a s t  
M g -5 ,l^ Z n -0 ,6 l^ Z r  a l l o y .
The s e c o n d a ry  s u p e r c o o l in g  r e s u l t s  c an  a l s o  be e x p la in e d  
u s in g  th e  c o r r e s p o n d in g  c r i t e r i o n  f o r  th e  a r r e s t  o r  r e v e r s a l  
o f  th e  c o o l in g  c u r v e s ,  i . e .  e q , (3 2 ) ,  C o n s id e r  th e  s o l i d i f i c a t i o n  
o f  an  a l l o y  0°  a s  shown in  F ig ,  ( 2 8 ) ,  I f  p r im a ry  g ro w th  c o n t in u e s  
to  b e f o r e  s e c o n d a ry  n u c l é a t i o n  i s  i n i t i a t e d ,  th e  c o m p o s it io n s  
o f  th e  m e ta s ta b le  c< and l i q u i d  p h a s e s  move to  p o i n t s  D and  E 
r e s p e c t i v e l y ,  g iv in g  a  s u p e r c o o l in g  f o r  th e  p p h a s e  o f  ATp 
c o r r e s p o n d in g  to  a  c o m p o s it io n  d i f f e r e n c e  ACg, Now c o n s id e r
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an a l l o y  o f  c o m p o s itio n  Cg on th e  s id e  o f  th e  e u t e c t i c  
h a v in g  th e  s h a l lo w e r  l i q u i d u s  l i n e .  As n o te d  ab o v e , th e  
s u p e r c o o l in g  on t h i s  s id e  o f  th e  e u t e c t i c  i s  g e n e r a l l y  
c o n s id e r a b ly  l e s s  f o r  e u t e c t i c  s o l i d i f i c a t i o n .  I t  i s  e v id e n t  
from  th e  p h a se  d iag ram  t h a t  a C ^  i s  c o n s id e r a b ly  s m a l le r  th a n  
A C g, w hich i s  due l a r g e l y  to  th e  s t e e p e r  l i q u i d u s  l i n e  f o r  oC . 
Thus f o r  r e l a t i v e l y  c o n s ta n t  c o o l in g  r a t e s  and h e a t s  o f  
s o l i d i f i c a t i o n  th e  d e g re e  o f  s u p e r c o o l in g  r e q u i r e d  (sa y  to  Tg) 
t o  s a t i s f y  e q . (3 2 ) w i l l  be c o r r e s p o n d in g ly  l e s s  f o r  a l l o y  
Cg t h a t  f o r  C °, i . e .  AT@( <  AT^ a s  f r e q u e n t ly  o b s e rv e d .
T h is  s u g g e s ts  t h a t  f o r  many a l l o y s  th e  g ro w th  r a t e  may be 
e q u a l ly ( o r  m o re ) e f f e c t i v e  th a n  th e  n u c l é a t i o n  r a t e  in  d e te rm in in g  
th e  d e g re e  o f  " s u p e rc o o l in g "  t h a t  i s  o b se rv e d  in  se c o n d a ry  
( e u t e c t i c )  s o l i d i f i c a t i o n ,  and t h a t  m ost o f  th e  p r e f e r r e d  
n u c lé a t i o n  s i t e s  on th e  p r im a ry  s u b s t r a t e  become a c t iv a t e d  
w i th o u t  r e q u i r i n g  l a r g e  AS o r  AT v a lu e s .. However, w here 
one o f  th e  p r im a ry  p h a s e s  i s  a  much s t r o n g e r  n u c le a n t ,  th e  
o v e r a l l  ( s e c o n d a ry )  t r a n s f o r m a t io n  r a t e s  f o r  th e  hypo- and 
h y p e r e u te c t i c  a l l o y s  and t h e i r  c o r r e s p o n d in g  " s u p e rc o o l in g "  
l e v e l s  w i l l  d i f f e r  m ark ed ly . In  t h i s  r e g a r d  P ow ell and 
C o l l i g ^  ) have shown t h a t  f a c e t e d  p r im a ry  c r y s t a l s  have 
h ig h e r  n u c lé a t io n  p o t e n t i a l s  th a n  n o n - f a c e te d  c r y s t a l s .  F o r  
th o s e  sy s tem s t h a t  c l e a r l y  do n o t  a g re e  w ith  th e  g e n e r a l  
o b s e r v a t io n  t h a t  a l l o y s  w ith  th e  s t e e p e r  l i q u i d u s  l i n e  ( i n  a  
p a r t i c u l a r  b in a r y  a l l o y  sy s te m ) show g r e a t e r  se c o n d a ry
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s u p e r c o o l in g ,  th e  t r a n s f o r m a t io n  r a t e  i s  p ro b a b ly  n u c lé a t i o n  
c o n t r o l l e d .
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V I I  CONCLUSIONS
P rom  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  o f  t h e  
s e p e r o o o l i n g  b e h a v i o u r  o f  a l l o y s  o f  t h e  P b - S b ,  P b - S n ,
A l - S n ,  S n - B i  a n d  A g -C u  s y s t e m s ,  t h e  f o l l o w i n g  c o n c l u s i o n s  
a r e  p r e s e n t e d ;
1 )  I n  g e n e r a l ,  t h e  p r i m a r y  s u p e r c o o l i n g  i n  b i n a r y  
a l l o y s  i n c r e a s e s  a s  t h e  a l l o y  c o m p o s i t i o n  a p p r o a c h e s  
e u t e c t i c  f ro m  t h e  p u r e  m e t a l  e n d s .  T h i s  i s  show n
t o  b e  d u e  t o  a  c r y s t a l  g r o w th  e f f e c t .
2 )  F o r  s e v e r a l  a l l o y  s y s t e m s ,  a  m in im um  s u p e r c o o l i n g  
i s  o b t a i n e d  f o r  a l l o y s  i n  t h e  lo w  c o n c e n t r a t i o n  
r e g i o n  o f  t h e  p h a s e  d i a g r a m ,  e . g .  8 b ( r i c h ) - P b ,  
P b ( r i c h ) - S n ,  8 n ( r i c h ) - P b ,  a n d  B i ( r i c h ) - S n ,  I t  i s  
p r o p o s e d  t h a t  t h i s  p h e n o m e n o n  i s  a s s o c i a t e d  w i t h  a n  
i n c r e a s e  i n  t h e  n u m b e r  o f  n u c l e i  t h a t  fo rm  a t  r e l a t i v e l y  
lo w  s u p e r c o o l i n g ,  r e s u l t i n g  f ro m  t h e  r e l a t i v e  
i n c r e a s e  i n  t h e  ( n e g a t i v e )  e n t r o p y  o f  f o r m a t i o n  f o r
t h e  n u c l e a t i n g  p h a s e  a t  l o w e r  a l l o y  c o n c e n t r a t i o n s .
3 )  F o r  t h e  A l - S n  s y s t e m ,  t h e  s u p e r c o o l i n g  d e c r e a s e s  
a s  t h e  S n  c o n c e n t r a t i o n  i n c r e a s e s  t o  e u t e c t i c .
T h i s  i s  show n  t o  b e  r e l a t e d  t o  t h e  c o r r e s p o n d i n g l y  
h i g h  i n c r e a s e  i n  t h e  e n t r o p y  o f  f o r m a t i o n  o f  t h e  
p r i m a r y  p h a s e  ( o ( - A l )  a s  t h e  t i n  c o n c e n t r a t i o n  
a p p r o a c h e s  e u t e c t i c .  T he  h i g h  e n t r o p y  o f  f o r m a t i o n
- 88 -
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is due largely to the high entropy of mixing for 
the liquid alloys of the Al-Sn system.
4) An increase in cooling rate results in an increase 
in the supercooling both for pure metals and alloys.
5) The first solid nucleating from a supercooled 
alloy melt has a higher solute (lower solvent) 
concentration than the equilibrium concentration.
' This is consistent with the local equilibrium 
requirement for non-equilibrium macrostates.
6) The non-reciprocal secondary nucléation phenomenon 
in binary eutectic systems suggested by Sundquist 
and Mondolfo for alloy droplets is observed for 
bulk samples also. In general, alloys with steeper 
liquidus line (in a particular binary system) show 
greater secondary supercooling. This is shown to be 
also due to a crystal growth effect as in case of 
primary supercooling. For those systems that do 
not agree with this observation, the transformation 
rate is probably nucléation controlled.
7) The criteria formulated for primary and secondary 
supercooling in binary alloys show good qualitative 
agreement with the experiment.
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V I I I  RECOMMENDATIONS FOR FUTURE RESEARCH
The r e s u l t s  o f  t h i s  I n v e s t i g a t i o n  show t h a t  f o r  low  
s o l u t e  c o n c e n t r a t io n  a l l o y s  th e  observed , s u p e r c o o l in g  f o r  
p r im a ry  s o l i d i f i c a t i o n  d e c r e a s e s  a s  th e  e n tro p y  o f  f o r m a t io n  
( A S )  o f  th e  s o l i d  p h a s e  from  th e  l i q u i d  a l l o y  i n c r e a s e s .  Prom 
th e  s u p e rc o o l in g  c r i t e r i a  d e v e lo p e d  i t  i s  i n f e r r e d  t h a t  d e c re a s e d  
s u p e r c o o l in g  i s  due t o  a n  i n c r e a s e  i n  t h e  num ber o f  n u c le i  t h a t  
a r e  a c t i v a t e d .  T h u s, a l l o y s  h a v in g  l a r g e  v a lu e s  o f  a s  sh o u ld  
r e s u l t  i n  f i n e r  g r a i n  s i z e  c a s t i n g s  th ro u g h  in c r e a s e d  hom ogeneous 
a n d  h e te ro g e n e o u s  n u c l é a t i o n  r a t e s .  A f u r t h e r ,  m ore e x te n s iv e  
i n v e s t i g a t i o n  o f  t h e  e f f e c t  o f  a s  on n u c l é a t i o n  k i n e t i c s  i s  
n eed ed  (p e rh a p s  a lo n g  t h e  same l i n e s  u se d  i n  t h i s  I n v e s t i g a t i o n )  
i f  t h e  a v a i l a b l e  therm odynam ic  d a ta  f o r  a l l o y  sy s te m s  i s  
t o  be  o p t im a l ly  a p p l i e d  i n  th e  g r a i n  r e f in e m e n t  o f  a l l o y  
c a s t i n g s .  M oreover, i t  sh o u ld  be p o s s ib l e  t o  p r e d i c t  from  
known AS v a l u e s ,  f o r  a  p a r t i c u l a r  a l l o y  s y s te m , t h e  r e l a t i v e  
te n d e n c y  f o r  g r a i n  r e f in e m e n t  and  th e  n e e d  f o r  g r a i n  
r e f i n e r  a d d i t i o n s .  I n  some a l l o y s  th e  n u c lé a t io n  s i t e s  
i n  th e  b u lk  l i q u i d  a r e  p ro v id e d  by compounds fo rm ed  d u r in g  
c o o lin g  from  d i s s o lv e d  im p u r i ty  e le m e n ts  s p e c i f i c a l l y  ad d ed  
f o r  t h i s  p u rp o s e ,  e . g . ; t i t a n iu m  an d  b o ro n  a d d i t i o n s  i n  m o lte n  
alum inum  form  t i t a n iu m  b o r id e  p a r t i c l e s  w hich  a c t  a s  n u c le a n t s .
,A d e te r m in a t io n  o f  t h e  e n t r o p ie s  o f  f o rm a t io n  o f  v a r io u s  
compounds (w hich  t h e  l i t e r a t u r e ,  a t  p r e s e n t ,  i s  l a c k in g )  
w ould f a c i l i t a t e  t h e  c h o ic e  o f  th e  m ost e f f i c i e n t  g r a i n
-9 0 -
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r e f i n e r s ,  i . e .  a l l  o t h e r  f a c t o r s  b e in g  e q u a l ,  th o s e  compounds 
h a v in g  th e  l a r g e r  e n tro p y  o f  f o rm a t io n  a r e  p r e f e r a b l e .
T h is  i n v e s t i g a t i o n  p r e d i c t s  t h a t  e u t e c t i c  a l l o y s  o f  
c o n t r o l l e d  m orp h o lo g y  and  c o m p o s it io n  c a n  be  p ro d u c e d  more 
e a s i l y  from  n e a r - e u t e c t i c  c o m p o s it io n  a l l o y s  f a l l i n g  on t h a t  
s i d e  o f  e u t e c t i c  h a v in g  th e  s h a l lo w e r  l i q u i d u s  l i n e ,  b e c a u se  
o f  t h e i r  r e l a t i v e l y  h i g h e r  s t a b i l i t y .  E x p e r im e n ta l  v e r i f i c a t i o n  
o f  t h i s  c o n c e p t  i s  n e c e s s a r y  a s  a d d i t i o n a l  p r o o f  f o r  .
e s t a b l i s h i n g  th e  v a l i d i t y  o f  th e  c r i t e r i a  d e v e lo p e d  i n  t h i s  
i n v e s t i g a t i o n .
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APPENDIX I
DERIVATION OP AS
C o n s id e r  a  l i q u i d  a l l o y  c o n ta in in g  n ^  m o le s  o f  A 
a n d  ng  m o les  o f  B. The t o t a l  e n tro p y  o f  t h e  a l l o y  i s  g iv e n  by
= ^A ^A ^B * ( ^A *   ^ * (1 )
w here  A (= I s  t h e  e n tro p y  o f  m ix in g  o f
one  m ole o f  a l l o y  a t  a  s p e c i f i c  c o m p o s it io n . F o r  t h e  s p e c i a l
c a s e  t h a t  ( n^  ^ + n g )> >  1 an d  (d n j^ + d n g )« l, dNj^ 0 and
r
dNg-*. 0 , so  t h a t  AS^ i s  i n v a r i e n t  f o r  s m a ll  c h a n g e s  i n  th e  
num ber o f  m o les i n  t h e  l i q u i d ,  w hich  i s  t h e  c a s e  when an
embryo o r  n u c le u s  I s  fo rm ed  i n  t h e  l i q u i d  a l l o y .  T hus th e
e n tro p y  ch an g e  a s s o c i a t e d  w ith  a  s m a ll  change  i n  t h e  num ber 
o f  m o les o f  t h e  l i q u i d  a l l o y  i s  g iv e n  by
dS^ = s |:  d n j  + Sg dng + (AS%  ) ( d n j  + dng ) . ( i i )
I n t e g r a t i n g  a t  c o n s t a n t  c o m p o s it io n ,
A  8^  = An^ + S g A n g  + ( A S ^) ( A n ^  + A n ^  ) . ( i l l )
S i m i l a r ly  f o r  t h e  s o l i d  p h a se
AS® = s |A n |  + s | / a i |  +( AS^ ) (  A n |  + A n |  ) . ( iv )
I e  Q
When one m ole o f  s o l i d  o f  c o m p o s it io n  ( , Ng ) fo rm s
fro m  a n  i n f i n i t e  am ount o f  l i q u i d  a l l o y  t h e  e n tro p y  o f
f o rm a t io n  i s  g iv e n  by
A S  = A S ® + A S ^  . • (v )
- 9 l a -
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S ln c e  one m ole o f  s o l i d  I s  fo rm ed ,
A 8^ a  n£  sJ  + n|  Sb  + A S §  . ( v i )
By fo rm in g  one m ole  o f  s o l i d  a l l o y  th e  l i q u i d  h a s  l o s t  
n£  m ole  f r a c t i o n  o f  A and  m ole f r a c t i o n  o f  B , i . e .
A n i  + A n i  = + Ng and  nJ  = - n|  ,  = -N® .
Thus
A S  =* “j^A ^A ”* ^B ®B “  ( A S ^  ) . ( v i i )
The e n tro p y  o f  f o rm a t io n  o f  one m ole s o l i d  a l l o y  i s  
g iv e n  by > '
A S  s ( A S ® + A S ^  ) =  ( n |  S® +  n |  S g  + A S |  -  n |  s J  - n |  s J  . - A 8 ^  ) .
( v i i i )
I
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APPENDIX II
CALCULATION OF ENTROPY OP FORMATION (AS) FOR PRIMARY PHASES 
AT LIQUIDUS TEMPERATURES -  P b-5w t^S b  a l l o y .
The f o l lo w in g  exam ple c a l c u l a t i o n  f o r  t h e  P b-5w t^S b  
a l l o y  i s  t y p i c a l  o f  th e  p ro c e d u re ' u se d  f o r  t h e  c a l c u l a t i o n  
o f  t h e  e n t r o p ie s  o f  f o rm a t io n  o f  t h e  p r im a ry  p h a s e s  f o r  
a l l  a l l o y s  i n v e s t i g a t e d .
A P b-5w t^Sb l i q u i d  a l l o y  (N p -b (iiq u id ) “  0 * 9 l8 ,
% b ( l i q u l d )  = 0 .0 8 2 ) ,  on  e q u i l ib r iu m  s o l i d i f i c a t i o n ,  f i r s t
s e p a r a t e s  a n o (-P b  s o l i d  s o l u t i o n  o f  c o m p o s it io n  P b-2w t^Sb 
(Npb = 0 . 9 6 6 , Ngb = 0 . 0 3 4 ) a t  t h e  l i q u i d u s  t e m p e r a t u r e , i . e .
560°K. The e n tro p y  o f  f o rm a t io n  (AS) o f  c(-P b  a t  560°K i s  
g iv e n  by
(AS) = (AS'^+AS^), ( i x )
idiereûS*^ and/sS^ a r e  th e  e n tro p y  c h a n g e s  I n  « ( - s o l id  s o l u t i o n  
and  th e  c o r re s p o n d in g  e q u i l ib r iu m  l i q u i d  a l l o y  a t  560®K.
(a )  C a lc u la t io n  o f a t  5 60°K
When Ngg m ole  f r a c t i o n  o f  s o l i d  Sb a l l o y s  w ith  
( l-N g b ) = Npg m ole  f r a c t i o n  o f  s o l i d  Pb to  fo rm  a  s o l i d  
s o l u t io n  a t  any  te m p e ra tu re  say  T , th e  n e t  m o la l  e n tro p y  ch an g e  o f  
th e  a ll035A S alloy (T ) I s  g iv e n  by ,
^ ® a llo y (T )  = ^ S b ' ®Sb (T) % b  * ®Pb(T) ^®M »
- 9 2 -
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lA iere  8g g (^ )  ab d  8p b (T ) t h e  e n t r o p i e s  o f  s o l i d  Sb an d  
P b  r e s p e c t i v e l y  a t  t.-  t e m p e r a tu re  T , a n d  A8^  i s  t h e  e n tro p y  
o f  m ix in g  f o r  t h e  a l l o y ,  an d  i s  e q u a l  t o  sum o f  t h e  i d e a l  and  
e x c e s s  e n t r o p i e s  o f  m ix in g  (Ag^ + A8^ ^ ) .  E n tro p y
v a lu e s  f o r  p u re  s o l i d  m e ta l s  a t  v a r io u s  t e m p e r a tu r e s  a r e  g iv e n
i n  r e f .4 6 ;  and  t h e  v a lu e s  f o r  8g b ( 560°K) ®Pb(5 6QOK) a r e  
o b ta in e d  a s  l 4 .8 3  e . u .  an d  1 9 .6 5  e . u .  r e s p e c t i v e l y .  
d a t a  i s  n o t  a v a i l a b l e  f o r  m o st o f  th e  s o l i d  a l l o y s .  B ecau se  
o f  th e  r e l a t i v e l y  low  s o l i d  s o l u b i l i t y  o f  Sb i n  Pb 
(Ifgb= 0 . 0 3 4 ) ,  t h e  e x c e s s  e n tro p y  o f  m ix in g  f o r  th e  s o l i d  
a l l o y s  may be n e g le c t e d .  The t o t a l  e n tro p y  o f  m ix in g  may b e  
a p p ro x im a te d  t o  t h e  i d e a l  e n tr o p y  o f  m ix in g  ( A S ^ ^ ) , 
w h ich  i s  g iv e n  by
- ®^Mid = - R(^Pb l^Pb + Ngb InNgb), ( %1)
w h ere  R i s  t h e  g a s  c o n s t a n t .  The ab o v e  c a l c u l a t i o n  g iv e s
0 .2  e . u .  f o r  t h e  e n tro p y  o f  m ix in g  f o r  t h e  p r im a ry  p h a s e .  
S u b s t i t u t i n g  t h e  v a lu e s  o f  Ngb» ®Sb(560°K)»
®Sb(560°K) sn d  ASjyj^^ i n  e q . ( x .  ) , t h e  t o t a l  m o la l  e n tro p y  
f o r  P b-2w t#S b s o l i d  a l l o y  S ^ , f o r  5 60°K i s  g iv e n  by
= 0 .0 3 4  X 1 4 .8 3  + 0 .9 6 6  X 1 9 . 6 5 ; + 0 .2  
= 1 9 .6 9  e . u .
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(b) Calculation of* AS^ at 560°K
The change in entropy of liquid Pb-Sb alloy AS^,due 
to the formation of one mole of primary oc-phase at any 
temperature T is given by
Sgb(T) **■ Npb ®Pb(T) ASjj) , (xi)
where Nsb and Np^ are the mole fractions of Sb and Pb in 
the solid alloy respectively, Sgb(T) sj^ b(T) the 
entropies of pure liquid Sb and Pb at T respectively and 
A 8^ is the entropy of mixing for the liquid alloy. For a 
Pb-5wt^Sb liquid,a S^^j at its liquidus temperature (560®K) 
is given by
A-S^560°K)* ^^b ®Sb(560°K) ^Vb ®Pb(560®K)
Note that both Sb and Pb are supercooled liquids below their 
melting : points 903°K and 600°K respectively, and their molal 
entropies at $60^K are calculated taking the liquid metals 
at the melting points for reference states. Thus
Xi ^ 5 6 0 .
®Sb(560°K) = ®Sb(903°K) f ^^Sb • » (xlii)
J 9 0 3  
a5 6 0
and Spb(560®K) * ®Pb(600°K) j ^Ppb* ^  * (^ clv)
600
L L
wheK Cpgb and Cpp^ are the heat capacity values for liquid 
Sb and Pb respectively. These data are provided in ref. 46.
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The v a lu e s  f o r  l i q u i d  a l l o y s  o f  v a r io u s  sy s te m s c a n  be
o b ta in e d  from  r e f .  42 ( s e e  A p p en six  I I I ) .  S u b s t i t u t i n g  
0( 0(
Npb* Ng-b Gmd e q s .  ( x iv )  and  ( x i i i )  i n t o  e q . ( x i l ) ,  t h e  v a lu e
T
f o r  A S ^^gQ O jfjfor Pb-5w t^S b  a l l o y  was fo u n d  to  be  - 2 2 ,2 7 , e .u ,
The n e t  e n tro p y  ch an g e  ( A S )  on  fo rm a t io n  o f  p r im a ry  
o (-P b  s o l i d  s o l u t i o n  i s  1 9 .5 9 -2 2 .2 7  = - 2 .6 8  e .u . / g m .a t .
T a b le s  7 to  11 show t h e  e n tro p y  ch an g es f o r  th e  l i q u i d  
and  t h e  c o rre s p o n d in g  e q u i l ib r iu m  s o l i d  a l l o y s  a t  t h e i r  l i q u i d u s  
t e m p e r a tu r e s ,  an d  AS v a lu s  f o r  a l l o y s  o f  th e  sy s te m s i n v e s t i g a t e d .
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